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This thesis focuses on the optimal design, fabrication and testing of solid tunable 
optics and exploring their applications in miniature imaging systems.  
It starts with the numerical modelling of the solid tunable lenses based on the 
Alvarez principle. The optimum design method and the alignment tolerance of 
such lenses are studied numerically and analytically. Results show that it is the 
air volume between the two lens elements that affects the lens performance 
dominantly, which leads to an effective analytical method for the optimum-
surface-coefficient selection. Results show that the lens performance is most 
sensitive to misalignments in y direction. Among all the tilt errors, tilts about z 
axis lead to the most serious performance degradation. To achieve satisfactory 
performance, the misalignment in y direction should be controlled below 10 µm 
while tilt errors about z axis should never exceed 1°. 
To experimentally prove the proposed design method, a miniature solid tunable 
lens driven by a piezo actuator is developed. The results show that the designed 
solid tunable lens offers a dynamic focal-length tuning range of about 2.3 times 
(from 28 mm to 65 mm). The images formed by the developed lens show 
superior quality to the ones formed by conventional miniature Alvarez lenses. 
To solve the problem of limited maximum optical power and tuning range in 
conventional Alvarez lenses, a novel multi-element solid tunable lens is 





demonstrated in comparison with a conventional two-element one. The results 
show that the four-element lens has an optical-power tuning range from 50.9 to 
94.1 dioptres while the two-element one tunes the optical power from 25.3 to 
46.4 dioptres. The results suggest that the proposed multi-element tunable lens 
might offer a practical way to achieve large optical power variations with small 
stroke micro-actuators. 
Inspired by the Alvarez principle, we propose a novel miniature solid tunable 
dual-focus lens, which is designed using freeform optical surfaces and driven 
by one micro-electro-mechanical-systems (MEMS) rotary actuator. Results 
show that one of the focal lengths is tuned from about 30 mm to 20 mm while 
the other one is varied from about 30 mm to 60 mm, with a maximum rotation 
angle of about 8.2 degree. Such a kind of solid tunable dual-focus lenses would 
be useful in various optical systems, including laser cutting systems, 
microscopy systems, and interferometer-based surface profilers. 
To explore the applications of the designed solid miniature tunable lenses, a 
miniature adjustable-focus endoscope and one compact adjustable-focus 
camera module are developed. Results show that there is no obvious distortion 
or blurring in the obtained images, and the adjustable-focus capability of these 
two miniature imaging systems is fully proved by focusing targets placed at 
different positions with different input driving voltages. 
For each of the developed devices or imaging systems, we start with the optical 
and mechanical design in the thesis, and move on to the introduction of the 
fabrication and assembly process, followed by the detailed discussion of the 
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Chapter 1. Introduction 
1.1. Background of the thesis 
Thanks to the rapid development of modern electronic and semiconductor 
industries, miniature imaging systems have been integrated into every aspect of 
people’s daily lives and are playing increasingly significant roles in various 
fields. One of the typical examples is the compact camera modules used in the 
portable electronic devices, which enables us to capture and share every 
meaningful moment in our daily lives. In addition, they are also employed in 
the video surveillance systems which are installed at either buildings, roads or 
transportations, providing real-time information for automatic and remote 
management as well as safety control [1, 2]. In particular, the employment of 
various miniature imaging techniques in clinical applications offers doctors an 
effective method for non-invasive investigation of tissues inside human bodies, 
which greatly benefits early detections, diagnoses and treatments of various 
diseases [3-5]. Obviously, no one can deny the fact that people are always and 
everywhere enjoying the benefits brought by various miniature imaging 
technologies. 
Under the tendency towards lighter and thinner portable electronic devices 
integrated with more and more functions, it becomes increasingly urgent to 
develop new miniature imaging modules with more compact structures but 
higher performance. Furthermore, in medical applications, it is under great 





optical zooming/autofocusing capability. This will help them to access organs 
that are too small or too far away for traditional ones and allow a convenient 
switching from a wide-field view for locating anatomical landmarks to a close-
up view for high resolution imaging, without physically moving the probes and 
hence reduces the complexity of the procedure and risk of trauma. 
It is apparent that MEMS- (micro-electro-mechanical-systems) or miniature-
actuator-driven tunable optics can meet the aforementioned demand as it helps 
to greatly scale down the key components in miniature imaging systems and 
meanwhile improve the optical performance of them. As one of the most 
significant functions, tunability of the optical power becomes achievable 
without sacrificing the slim profiles of the imaging systems. Thanks to the 
appearance of various MEMS technologies and high-precision micro/nano- 
fabrication methods, the research of MEMS/miniature liquid tunable lenses and 
apertures started a few decades ago and various designs and diverse prototypes 
were experimentally demonstrated [6-9]. However, as discussed in the 
following chapter, it is widely noticed that the liquid tunable optics face a series 
of challenges, including the complex fabrication and assembly process, 
instability against external environment and possible leakage and evaporation, 
which greatly limit their applications in practical imaging systems. 
Fortunately, the solid tunable optics that emerged in recent years offer us an 
alternative method to reach the same purpose and show a more promising future 
in practical applications. There is no aforementioned liquid-related issues and 





Therefore, the main theme of this thesis is to develop compact solid tunable 
devices and explore their applications in ultra-miniature imaging systems. 
1.2. Scope of the research 
As mentioned above, the ultimate goal of this research is to develop novel solid 
tunable devices merged with MEMS/miniature-actuator technologies and to 
explore their applications in miniature imaging systems. These devices include 
various tunable lenses and apertures, though it may be more suitable to classify 
the study on tunable apertures to the mechanics. Due to the limited time of my 
PhD program, I mainly focused on the optical part, which includes the 
development of various solid tunable lenses and novel miniature imaging 
systems. Little attention was paid to the solid tunable apertures as the theory 
and fabrication of such devices are relatively straightforward. For the integrity 
of this research topic and readers’ convenience, I included the work of solid 
tunable apertures finished by our group in the literature review for readers’ 
convenience.  
To summarize, this thesis covers the following contents: 
a. To establish the numerical and analytical models of  solid tunable lenses, 
characterize the performance of them, and develop the optimum design 
method for such lenses based on freeform optics; 
b. To study the alignment tolerances of the solid tunable lenses to guide the 
lens design and assembly process; 
c. To develop various miniature solid tunable lenses based on the Alvarez 
principle and other useful devices based on the variations of the basic 





d. To develop the applications of the designed solid tunable lenses in various 
miniature imaging systems; 
For each of the developed devices and miniature imaging systems, I started with 
the detailed optical design and optimization process of the solid tunable lenses, 
and moved on to the mechanical design and FEM (finite-element-method) 
optimization exercise of the actuation mechanism, and lastly ended up with the 
device fabrication, assembly and characterisation. A brief discussion of the 
raised challenges and chances was also given. 
1.3. Organization of the thesis 
The thesis starts with a brief introduction of the research background and scope 
in Chapter 1, and moves on to a thorough literature review in Chapter 2, where 
the state of the art of current available technologies related to miniature tunable 
optics are summarized, followed by the analysis of the research gaps and 
chances in this field. Chapter 3 presents the theoretical and numerical modelling 
of the solid tunable lenses, including the basic working principle, the optimum 
design method and the study on the alignment tolerance of such solid tunable 
lenses. After that, a novel miniature solid tunable lens designed according to the 
proposed method and driven by a piezo actuator integrated with displacement 
amplifiers is demonstrated in Chapter 4. Subsequently, a multi-element solid 
tunable lens is shown in Chapter 5 and a novel solid tunable dual-focus lens is 
reported in Chapter 6. Based on these tunable devices, two miniature imaging 
systems, namely, an adjustable-focus endoscope and a variable-focus camera 
module, are presented in Chapter 7. The thesis ends up with Chapter 8, where a 
brief conclusion of the research is given, followed by the proposed future work. 
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Chapter 2. Literature Review 
To equip the optical system with the capability of autofocus or zooming, the 
well-known method is to mechanically or electrically move one or more lenses 
along the optical axis in order to change the effective focal length of the lens 
system, as shown in Fig. 2.1. Such a configuration obviously faces the problems 
of bulky structures and complicated supporting and driving mechanisms, which 
greatly limit its applications in miniature systems. 
 
Figure 2.1 Diagram of one conventional moveable-lens-based zoom system.  
 
To scale down current tunable optics for the emerging miniature imaging 
systems, much effort is spent to develop various compact tunable devices using 
MEMS and micro/nano fabrication technologies, as summarized in Fig. 2.2. 
More specifically, based on the materials used for the lens implementation, 
ways to achieve compact tunable lenses are divided into two categories, namely 
liquid methods and solid methods. The former one consists of two different 
types of tunable principles, one of which is to alternate the geometric shape of 





modulate the refractive index of the lens (like liquid crystal lenses). The latter 
one can also be further classified into two groups according to their different 
working principles, which are based on the tuning of geometric shapes or 
modulation of overall thicknesses, respectively. The examples include thermal 
actuated tunable solid lenses and Alvarez lenses.  
 
Figure 2.2 Summary of various technologies to achieve miniature tunable lenses. 
 
Up until now, much research work has been carried out in this field, 
demonstrating various designs and promising results. In this chapter, the 
progress of the aforementioned technologies is reviewed in detail, based on 
which the research gaps and chances in this field are discussed.  
2.1. Review of miniature liquid tunable lenses 
Most of the readers may have the experience of observing water droplets on the 
windows or papers, and it is not surprising to find the magnification effect of 
the water droplet. The reason is that one natural lens is formed by the water 
droplet as its shape is deformed to a sphere due to the surface tension. It is easy 
to understand that the focal length is changed once the shape or the refractive 





Furthermore, the focal length becomes tunable if the shape or refractive index 
of the droplet can be dynamically modulated. Based on this idea, various liquid 
tunable lenses are proposed and demonstrated experimentally. 
As mentioned above, to adjust the focal length of a liquid lens, one needs to 
change the geometric profile of the lens or the refractive index of the lens 
material [10, 11]. There are extensive trials to achieve liquid tunable lenses with 
deformable geometric shapes [12-25]. The first typical method is based on 
flexible membranes [15, 16, 26]. More specifically, such a liquid tunable lens 
consists of a chamber holding the liquid and one deformable membrane to seal 
the chamber. One external pump is connected to the chamber through a narrow 
channel and deforms the membrane with different pressures. Consequently, the 
focal lengths are tuned to various values due to the curvature variation of the 
lens surface profile. Miniature actuators like piezo-stack actuators can also be 
used to deform the membrane by pushing or pulling the side walls of the 
chamber [27]. In addition, various electric actuation mechanisms, including 
piezoelectric, electromagnetic and electrochemical actuators, are also 
developed to modulate the shape of the membrane [28-33]. As a typical example 
of liquid tunable lenses, such a membrane-based configuration will be discussed 
in detail in the following section. 
Besides the membrane-based liquid tunable lenses, there are also some other 
novel configurations. For example, temperature- and pH-values- sensitive 
materials are used to configure various tunable lenses based on their capability 
of shape or refractive-index variation with temperature or pH-value changes. In 





expand with temperature decrease or pH value increase [34]. More specifically, 
a piece of ring-shaped hydrogel is placed on top of a glass layer, forming a 
chamber which is filled with water, and the whole configuration is covered by 
a layer of oil, as shown in Fig. 2.3. The lens is formed by the interface between 
these two layers of different materials. By varying the temperature or pH value, 
the hydrogel ring expands or contracts, leading to a pressure change and hence 
a curvature variation of the lens formed by the interface. It is noted that such a 
kind of tunable lens responds in 20-30s, which is relatively slow in most 
practical applications. Two years later, Jiang’s group used a similar 
configuration to achieve another tunable lens, but the hydrogel was replaced by 
one IR (infrared) light sensitive one [35]. 
 
Figure 2.3 Diagram of the liquid tunable lens activated by stimuli-responsive 
hydrogels. The dash lines present the boundaries of the hydrogel ring after 
expansion or contraction. 
 
Electrowetting, which can be used to modify the wetting properties of a surface 
with an applied electric field, is also employed to tune the shape of the liquid 
lens [31, 36-39]. As the contact angle between the liquid and the solid interface 
is related to the electrostatic force, an external voltage can be applied to the 
conductive liquid and the solid surface to modulate the contact angle, and hence 





discuss this fast and effective tunable lens in detail. In addition, 
dielectrophoresis is used by the researchers as well to achieve a tunable lens 
configuration as this effect poses a force on dielectric particles with a non-
uniform electric field and hence is able to change the curvature of the interface 
between two layers of different materials [40]. Unlike electrowetting effect 
generating a field force, this effect generates a body-force phenomenon, and 
hence consumes one-order-of-magnitude-lower power than the electrowetting 
one. Cheng et al. and Ren et al. experimentally demonstrated this idea with 
different dielectric materials [40, 41]. Another example is to use hydrodynamic 
force to tune the lens shape. Specifically, in a liquid-core-and-cladding 
configuration, the ratio between the widths of the core and cladding is related 
to the flow rate. Therefore, the flow rate can be used to modulate the ratio 
between the widths of the core and cladding and hence change the curvature of 
the interface formed by the core liquid and cladding liquid. Tang, and Seow et 
al. demonstrated tunable lenses using this configuration, respectively [42, 43].  
In recently years, some other novel actuation mechanisms have also been 
reported, including liquid gradient refractive index [44], plasmofluidic [45], 
piezoelectric bimorph actuators [46], dielectric liquid lens [47], 
thermoelectrically driven lens [48] and electroactive polymer lens [49]. Each of 
these technologies has their own advantages as well as practical challenges. 
Readers may refer to the references for the details of such devices. 
Rather than modulating the geometric shape of the lens, one can also achieve a 
liquid tunable lens by tuning the refractive index of the lens material. One of 





following section. LC is a kind of excellent single-axis optical materials due to 
its rod-like molecule structure, which offers two distinct refractive indices for 
the light with different polarizations. A typical LC lens is made of one or 
multiple LC cells which consist of two indium tin oxide glass substrate coated 
with alignment layers and sandwiching the LC material. The effective refractive 
index of the liquid crystal is modulated by the voltage applied to the cell as the 
orientations of the rod-like LC molecules are related to the electrical field. More 
detailed discussion is given in the following section.  
Some other methods used to modify the refractive index of the lens include 
subjecting the liquid to an external electrical field, acoustic filed, mechanical 
strain or temperature field as the optical properties of most of the materials are 
related to these external fields [51]. Another effective way to change the 
refractive index of the lens material is to use mixtures with variable 
concentrations [51]. It is easy to note that these tunable lenses face the problems 
of instability, complex fabrication and possible slow response. 
2.2. Typical examples of liquid tunable lenses 
2.2.1. Membrane lenses 
Principle of membrane lenses: Figure 2.4 schematically presents a general 
membrane lens, which consists of a circular chamber holding the liquid and 
sealed by a deformable membrane. The basic idea of such a liquid tunable lens 
is to modulate the geometric shape of the membrane which is made of, in most 
of the cases, soft materials such as PDMS (Polydimethylsiloxane), and hence 
change the curvature of the lens. Obviously, once a pressure is applied to the 





lens. Besides the planoconvex design shown in the schematic, there are also 
planoconcave, biconvex, biconcave and convex/concave designs, depending on 
the number of flexible membranes and driving pressures applied in the 
configuration [17-22]. In addition, one interesting double-focus membrane lens 
was reported by Yu et al. [26, 52]. Instead of utilizing a uniform membrane in 
the configuration, one membrane with a step-shaped thickness is used in this 
case. When the lens liquid is subject to one driving pressure, the membrane is 
deformed to two different spheres, which give us two separated focal lengths.  
 
Figure 2.4 Schematic of the membrane lens with (a) driving pressure 1 and (b) 
increased driving pressure 2. ‘P1’ and ‘P2’ in the figure denote the two different 
driving pressures, respectively. 
 
Driving mechanism of membrane lenses: As shown in Fig. 2.4, the most 
common method to drive the deformable membrane is to apply an external 
pressure to the lens liquid through a narrow channel. It is noted that such a 
design faces the problems of possible leakage and evaporation. One variation is 
to seal the chamber completely, and drive the lens liquid through electric 






Performance of membrane lenses: Most of the membrane lenses driven by 
external pressure can respond in milliseconds. For those driven by integrated 
actuators, the response speed of the tunable lens is mostly restricted by the 
actuators. The optical power of the liquid lens can be as large as 1e3 dioptres 
with a tuning range of 10 times [16]. The image quality of the membrane lenses 
in literatures varies greatly from individual to individual, but there are little 
reported research work focused on the detailed aberration analysis of the 
membrane lenses and technical methods for improvement.  In addition, due to 
the liquid material involved in the configuration, membrane lenses are 
confronted with a few practical challenges, including complex fabrication 
process, instability and possible leakage and evaporation issues. 
2.2.2. Liquid crystal lenses 
Principle of liquid crystal lenses: Nematic liquid crystal is one kind of excellent 
uniaxial optical material due to their rod-shaped molecule structures and 
roughly parallel orientations [53]. As the basic component to form tunable 
lenses, one LC cell generally consists of two indium tin oxide glass substrate 
coated with alignment layers sandwiching the LC material, as shown in Fig. 2.5 
[54-56]. Once there is an electric field applied to the LC cell, the orientations of 
the rod-shaped molecules are changed, leading to a variation of the effective 
refractive index. As shown in Fig. 2.5(a), for an x-polarized incident light, the 
effective refractive index is determined by [50, 57]: 
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where θ is the angle between the x-polarization direction and the long axis of 





refractive indices, respectively. Hence, the effective refractive index can be 
modulated from ne to no by increasing the tilt angle of the LC molecules from 
0° to 90° with a growing driving voltage. 
Driving mechanism of liquid crystal lenses: There are two basic 
implementations of LC lenses. As shown in Fig. 2.5(b), one of the methods is 
to use a homogeneous cell gap and hence two planar lens surfaces, but driven 
by inhomogeneous electric fields with discrete pads [55, 56, 58-64]. By driving 
the liquid crystal molecules with different tilt angles, a convergent or divergent 
phase-delay distribution can be achieved, resulting in a positive or negative lens, 
respectively. As presented in Fig. 2.5(c), the other one is to implement the lens 
as a planoconcave/planoconvex configuration with a curved indium tin oxide 
glass substrate [65-70]. Only one uniform electric field is required to change the 
orientation of all the LC molecules simultaneously. In this case, the driving 
mechanism is relatively simple, but the lens can only perform as a positive one 
or negative one, depending on the initial design of the lens. 
Performance of liquid crystal lenses: The response speed of LC lenses is related 
to the cell gap of the lens. Normally, such lenses can respond in seconds [11]. 
It is easy to understand that a large optical power requires a large phase delay 
and hence a large cell gap. However, increasing the cell gap obviously leads to 
longer response time. Therefore, one of the challenges of LC lens design is how 
to balance the conflict between the achievable largest optical power (as well as 
the tuning range) and the response speed of the lens. In addition, the polarization 
dependency of LC material poses another challenge for the engineers. The 





performance of such lenses [50]. To solve these problems, a few polarization-
independent LC lenses were reported in recent years [56, 71-73]. 
 
Figure 2.5 Schematic of liquid crystal lenses. (a) Birefringence of LC molecule, 
(b) basic configuration of LC lens with homogeneous cell gap and (c) LC lens 
with inhomogeneous cell gaps. 
 
2.2.3. Electrowetting-driven lenses 
Principle of electrowetting-driven lenses: It is widely known that the shape of a 
liquid droplet is determined by the surface tension if there is no external electric 
field. Once a voltage is applied to the conductive droplet placed on an electrode 
surface, the contact angle, as shown in Fig. 2.6(a), is determined by the 
following equation [74-76]: 








    (2.2) 
where θ0 and θ are the contact angles before and after the external voltage 
applied. V and V0 are the applied voltage and initial potential difference; tH is 





material. σlv is the surface tension between the liquid and the electrode surface. 
It is apparent that the curvature of the liquid droplet is related to the contact 
angle, and hence can be modulated by the external voltage applied to the liquid. 
 
Figure 2.6 Schematic of the electrowetting-driven lenses. (a) Definition of the 
contact angle and (b), (c) basic configuration of the lens with different driving 
voltages and hence various focal lengths. 
 
Driving mechanism of electrowetting-driven lenses: Most of the electrowetting- 
driven lenses are implemented as shown in Fig. 2.6(b) [36, 38, 77-80]. One 
droplet of lens liquid is positioned on the substrate and immersed in an 
electrolyte, as shown in the schematic. The lens hence is a combination of one 
positive lens formed by the lens liquid and a negative one formed by the 
electrolyte. Due to the refractive index difference between these two materials, 
an effective positive or negative lens is achieved. By applying an external 
voltage to the electrolyte, the contact angle of the interface between these two 
materials is changed, which leads to a focal length variation. 
Performance of electrowetting-driven lenses: Electrowetting-driven lenses can 





lens can reach a few hundreds of dioptres, but the tuning range is relatively 
small due to the inherent limitations of the operation principle. The image 
quality of such lenses is similar as membrane lenses. Because of the liquid 
involved in the lens configuration, electrowetting-driven lenses also pose a 
series of practical challenges to the engineers, including complex fabrication 
process, possible leakage and evaporation, and performance instability. 
2.3. Miniature solid tunable lenses 
2.3.1. Thermally-actuated and strain-driven lenses 
Because of the liquid materials involved, liquid tunable lenses face a series of 
challenges, including complex fabrication process, performance instability, and 
possible leakage and evaporation issues. In addition, limited by the driving 
mechanisms, the aperture sizes of most liquid tunable lenses are relatively small. 
Though the pneumatic tunable lens may have a large aperture size, yet the 
required liquid volume may greatly increase the mass and thickness of the whole 
lens configuration and hence limit its applications. In recent years, a novel type 
of tunable lenses involving pure solid-state materials has drawn increasing 
attention as such solid tunable lenses offer a few obvious advantages over the 
liquid ones. Thanks to the absence of liquid materials, the solid tunable lenses 
perform stably and can be fabricated with a relatively simple process. In 
addition, there are no concerns about the leakage and evaporation issues. 
Lee et al. reported a thermally actuated solid tunable lens in 2006 [81]. The lens 
is made of PDMS surrounded by a silicon ring, as shown in Fig. 2.7(a). A micro-
thermal actuator is used to heat the lens and silicon ring. Due to the mismatching 





deformed during heating. The experimental results show that a relatively small 
tuning range, 834 µm, was achieved. Besides the thermal effect, external strain 
can also be employed to deform the solid lens material for various focal lengths, 
as demonstrated in Fig. 2.7(b) and (c) [82-84]. However, constrained by the 
maximum deformation that can be achieved by either thermal actuation or 
external strains, such a type of shape-deformation-based solid tunable lenses 
can only provide a quite limited optical power tuning range, which is far away 
from the requirement of practical applications. 
 
Figure 2.7 Schematic diagrams of the solid tunable lenses driven by (a) thermal 
effect, (b) and (c) external strains. 
 
2.3.2.  Alvarez-Lohmann lenses 
Alvarez and Lohmann proposed another type of solid tunable lenses a few 
decades ago [85, 86]. As shown in Fig. 2.8, such a solid tunable lens consists of 
two optically transparent elements, each of which has an optical flat surface and 





perpendicular to the optical axis and with respect to each other, the whole 
configuration behaves like a lens, and the focal length is related to the lateral 
displacement.  
 
Figure 2.8 Basic configuration of the Alvarez lens, (a) without and (b) with 
relative lateral displacement between two lens elements. 
 
Due to the great challenge posed by the realization of the freeform surfaces, the 
early research on this area only focused on the theoretical aspect, mostly about 
exploration of the potential applications based on this concept. Specifically, L. 
W. Alvarez described, for the first time, the basic concept of such a device in 
1967 and then proposed a basic theoretical description of the lens model 
together with its potential applications in his patents three years later [85, 87]. 
In 1999, I. A. Palusinski extended the basic Alvarez configuration to a variable 
aberration generator by replacing the cubic surfaces with some other surface 
profiles [88]. By shifting the elements with a lateral displacement relative to 
each other, primary optical aberrations including tilt, defocus and coma in 
wavefront deformation can be generated. These devices could be used in laser 





In recent years, thanks to the rapid development of precision machining 
technologies during the past decades, the realization of the cubic freeform 
surface becomes possible. During the past a few years, both refractive and 
diffractive solid tunable lenses based on the Alvarez-Lohmann principle have 
been experimentally demonstrated [89-91]. The first Alvarez lens, working in a 
diffractive way, was experimentally achieved using the technology of 
photolithography in 2000 [89]. Such a lens consists of two phase plates with 16 
phase levels, which is fabricated by a standard multistep photolithography and 
then tested with an interferometer. The results show that aberrations owning to 
fabrication and assembly errors are controlled under 0.1 λ, which guarantees an 
excellent performance of the lens applied in laser systems. In 2004, S. Rege 
reported a miniaturized scanning microscope based on Alvarez lenses [92]. The 
hybrid lenses in a conventional microscope are supposed to be replaced by 
Alvarez lenses in order to miniaturize the microscope. Different configurations 
of Alvarez plates are studied comparatively and a separated-plate design is 
proposed for convenience of assembly and performance improvement. 
However, no experimental results are demonstrated in this paper due to the 
fabrication challenge.  
To the best knowledge of the author, in 2006, the first materialized transmissive 
Alvarez lens was reported by A. N. Simonov [93]. The optical elements are 
made of HEMA/MMA copolymer by diamond lathing and the ultimate purpose 
of such a lens is to realize an accommodative intraocular lens used for 
ophthalmic diagnoses. Similarly, three years later, J. Schwiegerling 
demonstrated the concept of a novel telescope using a pair of Alvarez lenses in 





micro Alvarez lens array was reported for the first time by C. N. Huang [90]. A 
5×5 micro Alvarez lens array mold is fabricated by a 5-axis ultra-precision 
diamond machine, and then the lens array is manufactured by injecting molding 
process. All measured profiles show a great agreement with the design data. 
This paper demonstrates, for the first time, an effective approach for Alvarez 
lens fabrication and replication. 
In 2012, P. J. Smile presented an Alvarez lens designed for infrared applications 
[91]. The lens element is made from germanium and fabricated through the 
diamond micro-milling technology. A custom-built imaging test station is 
utilized to characterize the performance of the lens. A focal length tuning range 
from 40 to 170 mm is experimentally achieved. In 2013, our group reported the 
first MEMS-driven miniature adaptive Alvarez lens [95]. The lens element is 
fabricated with a diamond-turning and replication moulding process while the 
electrostatic actuator is achieved by a standard SOI (Silicone on Insulator) 
MUMPs (Multi-User MEMS Processes) process. With a lateral movement of 
40 μm provided by the actuator, a dynamic focal length tuning from 3 mm to 
4.65 mm is experimentally achieved. However, the image quality of the lens is 
found to be poor. 
To summarize, the most typical technologies to achieve compact tunable lenses 
are listed in Table 2.1 for readers’ convenience. It is noted that the liquid method 
is not suitable for practical applications due to their drawbacks, including 
complex fabrication and assembly process, performance instability, and poor 
imaging performance. The first and second types of solid tunable lenses that 





practical applications because of their limited tuning range and poor imaging 
performance. The third one is based on the Alvarez principle, and such a 
compact solid tunable lens offers us a few advantages in contrast with its 
counterparts, including ease of fabrication and assembly, stable performance, 
large focal-length tuning ranges, and promising imaging performance. Hence, 
it is believed that such a type of solid tunable lenses is most suitable for practical 
miniature applications. Therefore, the main focus of this thesis is determined to 
be the solid tunable optics based on this principle. 










Membrane based lens 1 ~ 6 [17] medium 10-3 
Hydrogel lens -11.7 ~ 22.8 [34] difficult 10 
Electrowetting lens 9 ~ 20 [36] difficult 10-2 
Dielectrophoresis lens 1.4 ~ 2.1 [41] difficult 10-2  ~ 10-1 
Liquid crystal lens -80 ~ 50 [63] difficult 10-1 ~ 10 
Solid 
methods 
Thermally-actuated lens 1.02 ~ 1.85 [81] medium Not reported 
Strain-driven lens 32.6 ~ 34.9 [84] medium Not reported 
Alvarez-Lohmann lens 4.9 ~ 7.4 [153] easy 10-1 
 
From the literature review, we can notice that there is currently a revival of 
studies on Alvarez lenses since the challenge posed by the fabrication is 
overcome by modern micro-machining technologies. However, most of the 
efforts are contributed to the simple realization of Alvarez lens elements and 
concept demonstrations of the Alvarez principle. There are few literatures 
covering the detailed characterization of various Alvarez lenses, and moreover, 
little attention is paid to the theoretical improvement of the rough cubic model 
established by Alvarez. Furthermore, there is no research work focused on the 





significance to push them into practical applications. In addition, there are few 
trials to explore the applications of such solid tunable lenses in various 
miniature imaging systems. Therefore, the ultimate goal of this thesis is to fill 
in these research gaps and helps to further push these solid tunable devices into 
practical applications. 
2.4. Research progress of miniature tunable apertures 
Though the research work in this thesis does not include the tunable apertures, 
it is still worth covering the progress of the research work carried out on the 
field of miniature tunable apertures, considering the inseparable relation 
between the apertures and lenses in imaging systems.  
Similar as liquid tunable lenses, the first kind of miniature tunable apertures is 
based on the optofluidic technology, which achieves continuously adjustable 
aperture size by modulating the diameter of the ring formed by the dyed liquid 
with diverse mechanisms. There are no moving mechanical parts involved in 
such a liquid tunable aperture in contrast with its counterparts. To alternate the 
size of such a liquid tunable aperture, one of the possible ways is based on 
deformable membranes driven by external pressure [9], [96] while the others 
are to use the electrostatic force or the electrowetting effect [97-100], as shown 
in Fig. 2.9.  
Furthermore, the dielectric force, which is generated by an external electric field 
on the dielectric liquid-liquid interface, is also used to realize tunable apertures 
[101, 102]. In addition, electromagnetic and electrostatic actuation mechanisms 
are also used to achieve the tunable apertures [103, 104]. Capillary force, which 





The configuration normally consists of narrow capillary channels filled with 
two non-mixing fluids, one opaque and one transparent. By controlling the 
position of the opaque liquid, various aperture sizes can be achieved [105, 106]. 
Due to the inherent property of the capillary force, such designs face the 
problem of slow response speed, which could be in minutes.  
 
Figure 2.9 Schematic of the liquid tunable apertures, based on (a) deformable 
membrane and driving pressure and (b) electrowetting effect. 
 
In 2014, Schuhladen et al. reported a novel iris-like tunable aperture employing 
the liquid-crystal elastomers [107]. By driving the ring-shaped liquid-crystal 
elastomers plate to expand or recover to the original shape, a tunable aperture 
is achieved. There is no liquid involved in this configuration and no optical 
interface with on open pupil, which promises a relative stable performance and 
a 100% transmission with its counterparts. However, such a design can only 
provide a limited tuning range from 2.6 mm to 3.8 mm, together with a slow 





Similar as the liquid tunable lenses, the liquid tunable apertures are confronted 
with a series of challenges brought by the involved liquid materials, including 
the complicated fabrication and assembly process, instability raising from the 
external environment and possible leakage and evaporation, which greatly limit 
their practical applications. Recently, a few solid tunable apertures based on the 
MEMS technology were reported. Such solid tunable apertures integrated with 
the MEMS actuators demonstrate great potential in miniaturisation and 
capability to solve the challenges encountered by the liquid ones. 
 
Figure 2.10 Diagram of sliding-blades-based tunable apertures with (a) one, (b) 
two, (c) four and (d) eight blades. 
 
The basic principle of the first kind of solid tunable aperture is to move a few 
linked sliding blades simultaneously and hence change the size of the polygon 
formed by these blades, as shown in Fig. 2.10. The simplest example is given 
by one single moveable blade integrated with a fixed aperture, as shown in Fig. 
2. 10(a). By moving the blade along the direction indicated by the arrow, the 
size of the aperture is tunable. Such a type of single-blade based tunable 





actuation mechanisms are developed to drive the single moveable blade [108-
111]. Similarly, two moveable blades can be arranged as show in Fig. 2.10(b) 
to generate a symmetric tunable aperture for fibre optic applications [112]. 
To guide the design of sliding-blade based tunable apertures, Syms et al. 
established the optical model of such a configuration with various numbers of 
blades to theoretically analyse the diffraction efficiency of the aperture and the 
effect of the inevitable clearances between blades, and then demonstrated a 
four-sliding-blade based MEMS iris in 2004 [113]. 
Thanks to the advances of MEMS technology, the driving and supporting 
mechanisms of the sliding-blade based apertures can be easily duplicated with 
high precision and repeatability at a wafer level. Therefore, to form more 
complex polygons to simulate circulars, one can choose to stack the 
aforementioned one-blade or two-blade based tunable apertures layer by layer 
with necessary relative tilt angles. Such a method is relatively simple and at a 
low cost, but may increase the overall thickness of the whole configuration. One 
can also choose to increase the number of blades in a single chip design, as 
shown in Fig. 2.10(c) and (d), to form a more circular-shaped aperture, but the 
driving mechanism as well as the supporting structures become more and more 
complicated which may lead to a relatively larger cross-sectional area and more 
design challenges.  
Limited by the fabrication process and maximum displacements provided by 
the integrated MEMS actuators, sliding-blade based tunable apertures face a 
few drawbacks including the inevitable clearances between the moveable blades 





tunable aperture driven by MEMS electrostatic rotary actuators in 2012 [114, 
115], which shows great potential to solve these problems. Similar as a 
conventional iris diaphragm used in modern still or video cameras which 
achieves tunable apertures by rotating a series of overlapped shutter blades 
simultaneously, the demonstrated device consists of two non-contacting layers, 
each having four rotary blades supported by slim beams and driven by separated 
rotary actuators. When each of the eight blades rotates clockwise, the size of the 
octagon-shaped aperture increases evidently. On the contrary, to reduce the size 
of the aperture, one needs to rotate the eight blades counter-clockwise. Due to 
the tiny gap between these two layers, there is no contacting surface between 
any of the movable blades, and hence no friction force generated like those in 
conventional iris diaphragms. In addition, to achieve a more circular-shaped 
aperture, one can choose either to increase the number of rotary blades in each 
layer or the number of layers stacked in the configuration. 
It is noted that such a miniature solid tunable aperture offers a relatively larger 
adjustable range compared with its counterparts. In addition, there are no 
clearances between the blades. It shows a more promising future in miniature 
cameras integrated in current portable electronic devices and medical imaging 
systems. The future work on this topic would be the improvement of the design 
of the MEMS rotary actuators and optimum arrangement of the blades and 





2.5. Ray-tracing technique and evaluation methods for lens performance 
2.5.1. Introduction to the ray-tracing technique 
Since the ray-tracing technique is used throughout this thesis for optical design 
and optimization, the basic principle and implementation method of this 
technique is briefly introduced here for readers’ convenience.  
In the ray-tracing exercise, the target is treated as discrete points and a fan of 
separated rays from every point in the object are considered. The intersection 
points of these rays with each of the surfaces in the image system are traced and 
compared with those of a reference ray. In most cases, the reference ray is 
chosen as the chief ray, which is normally defined as the one passing through 
the centre of the aperture stop in the imaging system, as shown in Fig. 2.11(a).  
More specifically, in the ray-tracing exercise, for each of the rays, we always 
start with the first surface in the imaging system. The intersection point of this 
ray with this surface is first determined by the algebraic method [116]. After 
this, the direction of this ray after refraction (may be reflection or diffraction in 
some other cases) is calculated using the Snell’s law. Based on this method, the 
intersection point with surface i and direction of the ray after surface i can 
always be determined by the information from surface i-1, as illustrated in Fig. 
2.11(b). This process is then repeated until the intersection point of the ray with 
the image plane is found. Therefore, for all the rays originating from the object, 
the intersection points of them with the image plane can be determined, and 
thereafter the performance of the imaging system can be evaluated by 
comparing the intersection points of all the rays with that of the reference ray 






Figure 2.11 Diagram of the ray tracing technique. (a) Chief ray passing through 
sequential surfaces and (b) illustration of the ray tracing algorithm. 
 
2.5.2. Introduction to the evaluation methods for lens performance 
Due to the imperfection of imaging systems, rays from a single point in the 
object normally do not intersect at a same point in the image plane. The 
differences between the chief ray and the others are generally defined as the 
transverse aberrations. There are a few common evaluation methods for the lens 
performance in the optimization process.  
The first one is the ray aberration fans, which present the displacement between 
the intersection points of the rays and that of the chief ray in the image plane. 
Normally, only rays in the two orthogonal planes (namely, tangential and 
sagittal planes) are considered as most of the optical systems are rotationally 
symmetric. As shown in Fig. 2.12, the horizontal axis in the ray aberration fans 
shows either the normalized x or the y coordinate of the pupil, labelled as ‘px’ 
or ‘py’. The vertical axis presents either the x or y component of the transverse 
ray aberration as a function of the pupil coordinate, labelled as ‘ex’ or ‘ey’.  
The transverse ray aberration is given by the difference between the ray 





diagram in Fig. 2.12, it can be noticed that the rays passing the boundary of the 
pupil (given by the two points py = -1, and py = 1) in the sagittal plane have no 
transverse aberrations as the ey axis values of these two points are both zero 
while the rays passing the boundary of the pupil in the tangential plane have 
quite large transverse aberrations as shown in the right diagram. By examining 
the ray aberration fans, the types of optical aberrations can be read [117, 118].  
 
Figure 2.12 Example of ray aberration fans. ‘px’ and ‘py’ represent the 




Figure 2.13 Examples of (a) spot diagram and (b) MTF curves. The examples 






The most basic and straightforward method to evaluate the lens performance is 
to examine the ray-tracing spot diagram, as shown in Fig. 2.13(a). The ray-
tracing spot diagram is nothing more than a plot of points representing the 
intersections of uniformly-distributed rays from a given object point with the 
image plane [116]. Obviously, for an ideal lens without any aberrations and 
diffraction effect, the spot diagram would appear as a single point. For practical 
lenses, the more compact the spot diagram is, the less aberration the lens present. 
In practical lens designs, the ratio of the RMS (Root Mean Square) spot radius 
to that of the Airy disc is always used to indicate the lens performance. It is 
noticed that a lens with a ray-tracing RMS spot radius less than that of the Airy 
disc behaves as a diffraction-limited device and the ratio between them can be 
used to indicate the lens performance roughly [119]. 
While the ray aberration fans and spot diagrams give engineers an effective way 
to evaluate the performance of the lens, it is widely accepted that a more 
measureable and objective performance criterion is desirable for the practical 
designs. The MTF (modulation transfer function) is the one widely used as the 
criterion as it reflects one of the most important and direct properties of the 
images, the sharpness. MTF is defined as the ratio of the image contrast to the 
object contrast as a function of spatial frequency, which is generally in the form 
of line pairs or circles per millimetre [120]. The MTF tells us how well the 
modulation in the object is transferred to the image by the lens, and hence reflect 
the resolution capability of the lens. As illustrated in Fig. 2.13(b), the MTF 
curves present the normalized modulation function values as a function of the 
spatial frequencies of the object. For example, if the resolution criteria of lens 





the MTF curves given in Fig. 2.13(b) can resolve a maximum spatial frequency 
of about 40 cycles per millimetre. 
Besides the aforementioned methods, there are also some other performance 
indicators for the lens design, including SRs (Strehl ratio) and wavefront PV 
(peak-to-valley) values. The Strehl ratio is defined as the peak intensity of the 
diffraction PSF (point spread function) divided by the peak intensity of the PSF 
in the absence of aberrations while the wavefront PV value is the maximum 
peak to valley value in the wavefront errors. Both these two parameters are 
normally used for evaluating the performance of ultra-high-quality imaging 
systems. It is obvious that the SR and the wavefront PV value are 1 and 0 
respectively for an ideal lens without any aberrations.  
2.6. Summary 
For readers’ convenience, the basic principle and implementation method of the 
ray-tracing technique and the common methods for lens performance evaluation 
are briefly introduced in this chapter. Without further clarification, this 
technique for optical design and optimization and the diagnostic methods for 
lens or imaging system performance are used throughout this thesis.  
Based on the above literature review of the research work on miniature tunable 
optics, it is not difficult to figure out that there are still a series of issues to be 
tackled in this field in order to further extend the applications of these novel 
devices into current miniature imaging systems. 
a. Though Alvarez pointed out the basic idea of the solid tunable lenses and 





modelling and theoretical analysis of such a solid tunable lens. It is of great 
significance to improve the rough cubic model of the lens as the 
conventional phase-plate assumption greatly limits its performance. 
Furthermore, efforts should be spent on the comprehensive characterization 
and alignment-tolerance analysis of such solid tunable lenses to guide the 
design for practical applications. To achieve the optimum performance, it is 
also desirable to explore various methods for lens coefficient selection.  
b. There is little research work focused on the miniaturization of such solid 
tunable lenses, though it is of great significance to minimize their sizes in 
order to extend their applications into current miniature imaging systems. 
Hence, much attention should be paid on the development of various novel 
compact actuators and driving mechanisms as well as the integration of them 
with solid tunable lenses, which will help to push the applications of such 
solid tunable lenses into practical miniature imaging systems. 
c. Though it is obvious that more novel and useful devices are achievable 
based on the basic Alvarez concept, there is little attention paid on this area. 
Trials should be made to develop more novel solid tunable devices to 
completely release the potential of the basic Alvarez concept. 
d. There are no trials to integrate the solid tunable lenses into current miniature 
imaging systems, though the ultimate goal of the research of compact 
tunable optics is to push their applications into current miniature imaging 
systems. This research gap needs to be filled immediately. 
Therefore, there are many theoretical questions to be answered and a large 





clarify all these questions and address all these practical issues, and hence to 








Chapter 3. Modelling and Optimal Design of Solid 
Tunable Lenses 
Due to their potential in achieving large varifocal ranges with compact 
structures, solid tunable lenses based on the Alvarez principle have drawn much 
attention ever since the concept was first proposed a few decades ago [85-87]. 
In the past half century, a series of patents of this device were applied and 
several theoretical research results were reported [92, 121, 122]. However, 
because of the fabrication challenges, the first Alvarez lens was not 
demonstrated until recent years when the micro-manufacturing technologies 
allow us to realize the cubic surface profiles with an extreme high accuracy. In 
2000, a diffractive Alvarez lens was demonstrated based on the technique of 
photolithography [89]. Since then, a number of single-element and array-
arranged refractive Alvarez lens prototypes have also been presented using 
different diamond machining techniques [90, 91, 93, 123].  
In 2013, a miniaturized MEMS-driven tunable Alvarez lens applicable to visible 
wavelengths was reported by our group, which is regarded as a further step of 
the research in this area since the integration of MEMS actuator and Alvarez 
lens was achieved for the first time [95]. It offers us a few advances such as 
accurate and high-speed tuning, compact lens module with standard circuit-chip 
interface and low power consumption. In addition, MEMS-driven Alvarez lens 
also brings us many advantages including ease of packaging, lower power 
consumption and mechanical robustness compared with liquid lenses. These 
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features would probably help to extend the applications of the Alvarez lens from 
existing tunable glasses to future miniature optical systems, including 
accompanied cameras of portable electronics products, surveillance equipment 
and medical imaging systems. 
However, the imaging performance of the first reported MEMS-driven Alvarez 
lens is not satisfactory [95]. As shown in Fig 3.1, the image produced by this 
lens is blurry due to possible optical aberrations, which are probably brought by 
alignment errors and inherent characteristics of this lens configuration. 
Obviously, it is beneficial to study the imaging characteristics and alignment 
error tolerances of such an Alvarez lens in order to guide the lens design and 
assembly in the future. Furthermore, it is also desirable to explore the optimum 
design method of the solid tunable lens based on the Alvarez principle. However, 
to the best of our knowledge, there is little published research work focused on 
this particular area. 
 
Figure 3.1 (a) Side view of a MEMS-driven Alvarez lens showing two aligned 
lens elements with freeform surfaces. (b) Side view of one Alvarez lens element. 
(c) PCB integrated with MEMS actuator and Alvarez lens (d) Image produced 
by the MEMS Alvarez lens. 
 
Modelling and Optimal Design of Solid Tunable Lenses 
37 
 
To solve these problems, in this chapter, I started with the modelling of the solid 
tunable lens used for miniature imaging systems. After that, the inherent 
imaging characteristics of the lens were studied. Next, the effect of alignment 
errors (including misalignments in y direction, element tilts about x, y or z axis) 
on lens performance was studied numerically to guide the design and assembly 
of the lens. Lastly, the optimum coefficient selection method for the lens surface 
was studied. 
3.1. Introduction to Alvarez-Lohmann principle 
 
Figure 3.2 (a) Schematic of the Alvarez-Lohmann principle, and (b) basic 
configuration of the tunable lens with increased lateral displacements. R denotes 
the radius of the optical stop, δ presents the displacement in x direction, g0 
expresses the initial centre-to-centre gap between two elements, and α, β, γ 
indicate the angles of possible element tilts about x, y, z axis, respectively. 
 
As shown in Fig. 3.2(a), the solid tunable lens based on the Alvarez-Lohmann 
principle consists of two elements, each of which has an optical flat surface and 
one cubic surface. The only difference between the Alvarez principle and the 
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Lohmann principle is the way of lens element shifting. In the Alvarez 
configuration, the lens elements are required to shift in one direction relative to 
each other, such as x direction as shown in the figure. However, the lens 
elements need to be moved in both x and y direction with the same amount of 
displacements in order to generate pure optical power if the lens is configured 
using the Lohmann principle. There is no inherent difference between these two 
principles, but the former one is preferred in most of the cases as the driving 
mechanism required for one-direction motion is relatively simple and compact. 
In this thesis, all the tunable lenses are configured according to the basic Alvarez 
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(3.1) 
where A, D and E are constants to be determined. Hence, if the two lens elements 
are placed in a global coordinate system shown in the inset and aligned without 
any misalignment as shown in the first sub-figure in Fig. 3.2(b), the thicknesses 
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where H is the overall distance from the top surface of elements 1 to the bottom 
surface of element 2. However, if the two elements are moved with a 
displacement of δ in the x and –x directions respectively as shown in Fig. 3.2(a), 
the corresponding thickness of each of the lens element in the same optical path 
is changed, resulting an overall thickness of the lens configuration variation 
determined by: 
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By a simple mathematical derivation, we can obtain: 
  2 2 3overall 2 2 2 3t A x y H D A         (3.4) 
where H-2Dδ-2Aδ3/3 is a constant, contributing nothing but a piston to the lens
 
configuration. If the refractive index of the material is n, it is easy to notice that
 
the overall optical phase delay (OPD) generated by such a lens configuration is
 
determined to be: 
   2 22 1OPD A n x y C      (3.5) 
where C is a piston constant. Such an OPD offers a spherical optical power, 
which
 
makes the two-element configuration equivalent to an optical lens with 
the focal
 









From Eq. (3.6), we can notice that the focal length is related to the lateral 
displacement δ, which means that the focal length is tunable with a dynamic 
variation of the lateral position of the lens element. In addition, the value of A 
controls the “speed” of the tuning. The value of D, though contributes nothing 
to the optical power, determines the tilt of the surface and hence can be used to 
reduce the thickness of the lens element for optimum lens performance, as 
pointed out by Alvarez [87]. To drive the lens elements to move laterally, 
various miniature actuators can be used.  
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3.2. Modelling of solid tunable lenses 
To model such a solid tunable lens, there are a few necessary assumptions and 
pre-conditions to be clarified in advance. Firstly, for most miniature optical 
systems, the focusing range of interest is generally from several millimeters to 
dozens of millimeters [120, 124]. Hence, the target focal length tuning range in 
the modelling process is set from several millimeters to dozens of millimeters 
accordingly to meet the expectation from the practical applications.  
On the other hand, for the lens elements, the choices of refractive index and 
maximum tuning displacement are restricted by the available materials and 
miniature actuators respectively. One typical lens material, which is also the one 
we used in the whole project, is the UV (ultraviolet) curable optical adhesive 
(NOA83H, Norland, USA) with a refractive index of 1.56 [125]. The properties 
of such a lens material are listed in Table 3.1 [125], from which we can notice 
its excellent optical properties and mechanical strength after curing. Therefore, 
the material of the lens in the numerical model is chosen as NOA83H. The 
maximum displacement of MEMS actuators is expected to be hundreds of 
microns with concerns of power consumption and responding speed [126, 127], 
so we set it at 0.50 mm in the model without loss of reasonability.  
The working wavelength λ, radius of the optical stop R and the initial gap g0 are 
set at 0.55 μm, 0.75 mm and 0.20 mm, respectively, taking into account the 
practical situations of the lens applications.  











visible wavelength   
100% 250 cps 1.56 1.6e5 85 > 99% 
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The numerical results obtained in this section are based on ZEMAX® (Version 
13 EE) and MATLAB® (Version 2012). In addition, only the configuration 
with inner cubic surfaces is investigated in this chapter since it has been proved 
that the one with outer cubic surfaces is inferior in imaging performance [121]. 
Only the monochromatic properties are considered in this chapter.  
As mentioned above, I set the maximum element displacement δmax as 0.50 mm 
in the modelling process. Consequently, the value of A is set at 0.15 mm-2 in 
order to achieve the varifocal range of interest. Accordingly, the value of D is 
determined as -0.0281 by the method proposed in reference [121] for optimal 
lens performance. The gap g0 is set at 0.2 mm considering the assembly 
convenience and necessary space for lens element moving. The radius of the 
lens elements is set at 0.75 mm, and the refractive index of the lens elements is 
chosen to be 1.56, which is kept consistent with that of the material used in 
practical experiments. All the parameters for the lens modelling are listed in 
Table 3.2. 
Table 3.2 Values of the lens parameters in the modelling process 
A D E g0 R δmax n 
0.15 mm-2 -0.0281 0.5 mm 0.2 mm 0.75 mm 0.5 mm 1.56 
 
Figure 3.3 presents the standard ray-tracing spot diagrams of the designed lens 
with different lateral displacements (i.e., three different focal lengths). 
Specifically, for each of the spot diagrams corresponding to a particular focal 
length, the RMS spot radius is much larger than that of the Airy disk, which 
means that there are various aberrations presented in the lens. In addition, with 
the increase of element displacements, the ratios of RMS spot radius to Airy 
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disc radius rise dramatically, showing the fact that the lens performance decays 
with the increase of element displacements in this design. 
 
Figure 3.3 Ray-tracing spot diagram of the tunable lens with element 
displacement equal to (a) 0.15 mm, (b) 0.30 mm and (c) 0.45 mm. “RMS” and 
“Airy” in the figure denote the RMS radius of the ray-tracing spot and the Airy 
disc radius, respectively. 
 
The spot diagram can help to virtualize the lens performance directly and 
efficiently. However, it is quite difficult for engineers to tell the aberration types 
from them. As shown in Fig. 3.4, the ray aberration fans are then used to further 
analyse the aberration information of the lens. As can be seen from Fig. 3.4, the 
lens performance in the x-z and y-z plane is not consistent due to the non-
rotational symmetric surface profiles in the tunable lens configuration. The 
dominant optical aberrations are spherical-aberrations, coma and defocus in the 
x-z plane. Moreover, all these aberrations get enlarged with increased element 
displacements. One thing that should be noted is that the ray aberration fans 
here are just for relevant performance indication but not for complete 
performance evaluation since the fans here only indicate aberrations along two 
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‘slides’ in the x-z and y-z plane through the pupil but the tunable lens here is not 
rotationally symmetric.  
Fig. 3.5 demonstrates the MTF curves of the designed tunable lens at three 
different focal lengths. As shown in the figure, the maximum resolution of the 
lens is only around 50 cycles per mm when the lateral displacement reaches 0.5 
mm. With the decrease of the lateral displacement, the resolution capability of 
the lens is improved slightly. 
In addition, the SRs and the wavefront PV values are included in Fig. 3.5 as 
well to indicate the lens performance. As shown in Fig. 3.5, the maximum SR 
is only 0.38 while the minimum wavefront PV value reaches 1.23 waves when 
the lateral displacement of the lens element is tuned from 0.15 mm to 0.45 mm, 
which tells us that the lens performance is not optimized. Furthermore, the trend 
of the lens performance decay with increasing lateral displacement is also 
noticeable from the reduced SRs and enlarged wavefront PV values in the figure. 
 




Figure 3.4 Ray aberration fans of the tunable lens with element displacement 
equal to (a) 0.15 mm, (b) 0.30 mm and (c) 0.45 mm. The tangential axis is the 
normalized x or y pupil coordinate and the vertical axis is the difference between 
the ray intercept coordinate and the chief ray intercept coordinate in the x or y 
direction. 
 






Figure 3.5 MTF curves together with the Strehl ratios and the wavefront PV 
values of the tunable lens with element displacement equal to (a) 0.15 mm, (b) 
0.30 mm and (c) 0.45 mm. ‘SR’ and ‘PV’ in the figure present the Strehl ratios 
and the wavefront peak-valley (PV) values, respectively. 
 
 




Figure 3.6 Image simulation results of the tunable lens with element 
displacement equal to (a) 0.15 mm, (b) 0.30 mm and (c) 0.45 mm. The field 
height of the input image in the fourth row is set at 15 degrees. 
 
To deliver a more direct impression of the lens performance, the image 
simulation algorithm is used to generate the simulated images formed by the 
lens, as shown in Fig. 3.6. To compute the appearance of the simulated image, 
ZEMAX firstly oversamples the source bitmap, followed by applying the 
possible rotation and guard band if these options are selected. A ‘grid’ of PSFs 
is then computed, covering the overall field size. The grid spans the field size 
and describes the aberrations at selected points in the FOV (field of view) 
defined by the bitmap. After that, the PSF grid is interpolated for every pixel in 
the modified source bitmap. At each pixel, the effective PSF (point-spread 
funtion) is convolved with the modified source bitmap to determine the 
aberrated bitmap image. Lastly, the final image is scaled and stretched to 
account for the detected image pixel size, geometric distortion and possible 
lateral color aberrations. Hence, the image simulation results give a 
comprehensive evaluation of the lens performance, including the diffraction, 
aberrations, distortion, relative illumination, image orientation and polarization 
[128].  
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As shown in Fig. 3.6, the image simulation results reveals that the images 
formed by the designed lens are relatively blurry and large number of 
aberrations (i.e., defocus, coma, etc.) exist. Furthermore, with the increase of 
lateral displacement, the images become more blurry. The results again reveals 
the fact that the performance of such a solid tunable lens based on the Alvarez 
principle decays with the increase of lateral displacement of lens elements 
(namely, increase of optical power). 
To verify this fact, Fig. 3.7 presents the lens performance change with different 
lateral displacements within the whole tuning range. Obviously, the results 
show the trend of lens performance decay with the increase of element 
displacement, which can be noted from the change of the normalized RMS spot 
radius (NRSR). The NRSR is defined as the ratio of the RMS radius of the ray-
tracing spot diagram to that of the Airy disc. As mentioned above, the smaller 
the NRSR value is, the better the lens performs. In the following sections, we 
will continue to use this parameter as the indicator of the lens performance. 
In addition, to study the effect of the A values on the lens performance, two 
different lens configurations are studied comparatively, as shown in Fig. 3.7(a) 
and (b), respectively. More specifically, in Fig. 3.7(a), the value of A is set at 
0.15 mm-2 and the lateral displacement δ is set from 0.1 mm to 0.5 mm to 
achieve a focal length tuning range from about 30 mm to 6 mm. In Fig. 3.7(b), 
the value of A is reduced to 0.1 mm-2, and hence the lateral displacement δ 
tuning range is changed to from 0.15 mm to 0.75 mm to maintain the focal 
length tuning range. All the other parameters are kept as the same as shown in 
Table 3.1. Comparing the NRSR-verse-lateral-displacement curves between Fig. 
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7(a) and (b) tells us that the NRSR values are compressed from the range of 
about [1, 5] to the range of about [0.5, 4] when the value of A is reduced from 
0.15 mm-2 to 0.1 mm-2. It means that decrease of the value of A can help to 
improve the lens performance and slightly slow down the trend of lens 
performance decay but it is on the cost of enlarged element displacement δ in 
order to keep the focal length tuning range unchanged.  
 
Figure 3.7 Lens performance with various element displacements. (a) A=0.15 
mm-2 with δ ∈ [0.10, 0.50] mm, and (b) A=0.10 mm-2 with δ ∈ [0.15, 0.75] mm. 
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Therefore, for superior lens performance, though it is obvious that A and the 
lateral displacement δ mathematically play an equivalent role in Eq. (3.6) for a 
particular focal length, reducing the value of A should take a higher priority than 
cutting down the maximum lateral displacement. It is noted that, for MEMS-
driven actuators, a larger element displacement range means higher power 
consumption and slower responding speed. Hence, in practical designs, 
engineers always need to make a trade-off between the optimum optical 
performance of the lens and the mechanical and electrical performance of the 
lens system. 
3.3. Alignment tolerance analysis of solid tunable lenses 
Since the proposed solid tunable lens based on the Alvarez principle consists of 
two elements, there would be unavoidable alignment errors during the assembly, 
including element tilts about x, y or z axis and misalignment in y direction, as 
shown in the inset in Fig. 3.2. To guarantee satisfactory lens performance, it is 
necessary to study the alignment tolerance of such a configuration in order to 
guide the design and assembly process. Based on the model established in the 
above section, I conducted a comprehensive numerical study on this issue.  
As discussed in the above section, the lens performance decays with the increase 
of lateral displacement. Hence, without loss of reasonability, I choose the NRSR 
values of the lens with the maximum lateral displacement as the criterion to 
determine the alignment tolerance since such a situation gives the worst lens 
performance. All the alignment errors are imposed to lens element 1 and 
measured with respective to lens element 2 rather than to the optical axis. 
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Figure 3.8 demonstrates the effect of these alignment errors on lens performance, 
where the relation between the NRSR values and the misalignments as well as 
the tilt errors are given. Specifically, Fig. 3.8(a) presents that misalignments in 
y direction cause an approximately linear increase of NRSR. With a 
misalignment of 0.10 mm, the NRSR increases from the initial value of 5.20 to 
21.20, leading to a serious lens performance decay.  
Figure 3.8(b) further reveals that tilts about x or z axis lead to slight increase of 
NRSR values while tilts about y axis even reduce NRSR values slightly. When 
the tilt angle about x, y or z axis is increased from 0.0 to 1.0 degree, the NRSR 
values is changed from about 5.2 to 5.3, 5.0 and 5.7 respectively. Among all 
these three tilt errors, the lens performance is most sensitive to tilts about z axis. 
Comparison between Fig. 3.8(a) and (b) tells us that lens performance is most 
sensitive to misalignment in y direction among all the alignment errors. If we 
define a 10% rise of NRSR as the tolerance, it is easy to conclude that the 
misalignment in y direction should be smaller than 0.01 mm and tilt errors about 
z axis should never exceed 1 degree.  
Hence, in practical designs of such solid tunable lenses, we should always keep 
in mind the effect of lens element misalignment in y direction and tilt errors 
about z axis. In the driving and supporting system designs, a few pre-designed 
structures and mechanisms are necessary to assist the assembly process. Active-
alignment mechanisms based on MEMS actuators which can help to slightly 
adjust the positions of the lens element after assembly would be useful for better 
lens performance in the practical applications. 
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The effect of lens parameters, including the lateral displacement (namely, focal 
lengths), values of A and values of D, on alignment error tolerances are also 
investigated to guide the lens design. Since the performance decay lead by tilt 
errors is negligible compared with the one brought by misalignment in y 
direction, only the effect on misalignment was studied.  
 
 
Figure 3.8 Lens performance decay with (a) increasing misalignments in y 
direction and (b) tilts about x, y and z axes. The value of A is set at 0.15 mm-2. 
The initial displacement is set at 0.5 mm in both the two figures. 
 
 




Figure 3.9 Effect of (a) displacements, (b) values of A and (c) values of D on 
alignment error tolerance. The value of A is set at 0.15 mm-2 in (a) and (c). The 
initial displacement in (b) and (c) is set at 0.5 mm. 
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As shown in Fig. 3.9(a)~(c), the relations between the NRSR values and the 
misalignment in y direction are plotted under different situations where the 
values of the aforementioned three parameters are set at various values. 
Obviously, the alignment error tolerance is then told by the slope of these 
NRSR-misalignment curves. As indicated in the figures, with change of any of 
the three parameters, there is no considerable variation in the alignment error 
tolerance except the slight improvement brought by reducing A. Hence, in the 
practical designs, engineers may ignore the effect of these parameters on 
alignment tolerance. 
3.4. Optimal design of solid tunable lenses 
As discussed above, in the cubic expression for lens surface description, the 
value of A determines the ratio between the focal length and the lateral 
displacement and hence controls the speed of the focal length tuning. Results 
show that reducing the value of A should take the first priority for optimal lens 
performance. The constant, E, is nothing more than a piston determining the 
centre-to-centre thickness of the lens element. Theoretically, the effect of E on 
lens performance is negligible, except the possible scattering in the material. 
Hence, the concerns for the value of E mostly include the convenience of 
handling and assembly. The value of the third coefficient, D, determines the 
weight of the tilt term in the governing equation. Alvarez pointed out that the 
coefficient D in Eq. (3.1) can be used to reduce the overall lens thickness, which 
is beneficial for lens performance [85]. Hence, it is concluded that the minimum 
lens thickness leads to the optimal lens performance. Based on this concept, 
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Barbero derived an analytical expression of coefficient D and regarded it as the 
optimal choice for the lens design [121].  
However, both Alvarez and Barbero ignored the air gap between the two 
elements and assumed that the lens element is an ideal phase plate, which 
actually deviates from the practical situation. In our studies, both experimental 
and simulation results show that it is the air gap rather than the lens thickness 
that should be the dominant factor affecting the lens performance. Accordingly, 
the lens structure with minimum air volume would bring the optimum lens 
performance. To prove this assumption, we conduct an analytical study on the 
optimal method for coefficient selection, followed by a numerical verification 
and ray-tracing experiment. Based on this new concept, mathematically, the 
expression of D can be derived as followed.  
As shown in Fig. 3.2(a), with an initial gap of g0 and element displacement δ 
(δ >0 for a positive lens) for each of the lens element, the surface profiles of the 
two lens elements are given by: 
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 (3.7) 
Hence, the air gap between the two lens elements is obtained by subtracting t1 
from t2, namely: 
    2 2 3 02, 2 23g x y = A x y A D g       (3.8) 
With one step further, the integration of above equation over the optical stop 
gives us the air volume, which is the one expected to be minimized for the 
optimal lens performance, as shown below: 
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 (3.10) 
At the same time, it is obvious that the two elements cannot hit each other during 
tuning, which means that the value of the air gap should always be a positive 
value. Hence, we know that: 
    2 2 2 min max, 0 for   and  ,g x y x y R          (3.12) 
where [δmin, δmax] presents the designed displacement range. Additionally, it can 
be noted that: 
    2 2 3 30 02 2, 2 2 23 3g x y = A x y A D g A D g            (3.13) 
Hence, the sufficient condition of inequality 3.12 is given by: 
    3 0 min max
2
2 0  for ,  
3
G = A D g           (3.14) 
Therefore, combining equations (3.10) and (3.14) gives us one pure 
mathematical problem, which is to minimize the value of Vair under the 
condition that the value of G(δ) is greater than 0 over the whole effective area 
and the whole tuning range of lateral displacement, as shown below: 
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from which we can find that the air volume is a linear increasing function of D. 
Hence, the smallest D satisfying the precondition is expected, which translates 
above minimization problem to: 
 
   3 0 min max
Minimize: 
2
Subject to: 2 0, ,
3
D
G A D g         
 (3.16) 
which means we need to find the smallest D under the condition that the 
minimum value of function G(δ) within the whole tuning range is zero.  
Figure 3.10 demonstrates the characteristic of G(δ) with various lateral 
displacement values, from which we can find that the overall curve moves down 
with the decrease of D. Furthermore, the method to determine the minimum 
value of G(δ) within [δmin, δmax] depends on which case, indicated as ‘Case 1’, 
‘Case 2’ or ‘Case 3’ in Fig. 3.10, the range of lateral displacement lies in. For 
these three different cases, respectively, the minimum value of G(δ) is 
determined by the following equation: 
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where δ0 is the local minimum point obtained by solving dG(δ)/dδ =0. By setting 
min (G(δ)) equal to zero, we can obtain the equations of D, solving which give 
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Figure 3.10 Curves of function G(δ) with different values of D, where A=0.15 
mm-2 and g0=0.2 mm. 
 
In order to test the validity of the above analytic method, a numerical method is 
utilized to investigate the relation between values of D and lens performance. 
The ray-tracing and optimizing algorithms are based on ZEMAX and MATLAB 
and the merit function defined to present the lens performance is the summation 
of NRSRs over the whole tuning range. More specifically, 10 uniformly-
distributed points are selected from the tuning range of the lateral displacement. 
After that, the NRSR of the lens is calculated for each of these points, and the 
final merit function is defined as the summation of all these 10 NRSRs. It is 
apparent that a smaller value of the summation of NRSRs indicates a better lens 
performance. For each value of D, we can calculate the value of the defined 
merit function, and hence evaluate the lens performance. 
By scanning the values of D in a reasonable range, we can obtain the relation 
between the summation of NRSRs and the value of D as shown in the Fig. 3.11. 
In Fig. 3.11(a), the value of A is set at 0.15 mm-2 and the lateral displacement is 
changed from 0.1 mm to 0.5 mm. The initial gap between the two lens elements, 
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g0, is set at 0.2 mm. Substituting these values into Eq. (3.18) tells us that the 
optimal value of D is -0.2063, which is almost the same as the one read out from 
the curve in Fig. 3.11(a). Similarly, if the value of A and the lateral displacement 
tuning range is changed to 0.12 mm-2 and [0.15, 0.75] mm respectively, the 
optimal value calculated from the analytical equation and the one determined 
by the numerical results are roughly equal to each other.  
 
Figure 3.11 Effect of D on lens performance. 10 displacements evenly-
distributed within the whole tuning range are chosen to calculate the merit 
function and g0=0.2 mm in both examples. (a) A=0.15 mm-2 with δ∈[0.10, 0.50] 
mm and (b) A=0.12 mm-2 with δ∈[0.15, 0.75] mm.  
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Therefore, the result from the numerical simulation agree well with the one from 
the aforementioned analytical method. Again, it proves that it is the air volume 
between the two lens elements rather than the lens element thickness that is the 
dominate factor effecting the lens performance. Notice that only ‘case 1’ is 
verified here since most of the designed examples of miniature tunable lenses 
fall into this case. 
By substituting the values of A, g0 and δ in Table 3.1 in section 3.2 into Eq. 
(3.18), we can find that the optimal value of D is -0.2125. Figure 3.12 shows 
the performance of the new solid tunable lens with this new D and all other 
parameters unchanged. Figure 3.12(a) presents the change of NRSR values 
within the whole tuning range, from which we can find that the new method 
proposed by us can restrain the performance decay evidently. In this particular 
case, the NRSR is restricted around 1 within the whole focusing range. Figure 
3.12(b) and (c) reveals that the new method can help to increase the alignment 
tolerance slightly about misalignment in y direction and tilt errors about x and y 
axes, but the tolerance of tilt angle about z axis is reduced. However, this 
tolerance reduction is ignorable compared with the total performance 
improvement. 
 




Figure 3.12 Comparisons between the two methods from aspects of (a) lens 
performance within the whole tuning range, (b) effect of misalignment in y 
direction, (c) effect of tilt errors about x, y and z axes. A constant is subtracted 
from the NRSRs of the first method in (c) in order to facilitate comparison. The 
lateral displacement is set at 0.5 mm in (b) and (c). 
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Figure 3.13 illustrates the ray-tracing spot diagrams of the new tunable lens 
designed by the proposed method. Compared with Fig. 3.3, the NRSR values 
are reduced greatly, which means the incident rays are more focused by the new 
lens. In addition, the ray aberrations, as shown in Fig. 3.14, are greatly 
compressed in contrast with the results presented in Fig. 3.4. Compared with 
the results shown in Fig. 3.5, the wavefront PV values are reduced remarkably 
while the Strehl ratios are considerably raised at the same tuning points as 
shown in Fig. 3.15. Meanwhile, MTF curves of the new lens are approaching to 
the diffraction limit in contrast with the seriously degraded ones presented in 
Fig. 3.3, which means the resolution capability of the lens is also enhanced. 
Furthermore, no obvious blurring as shown in Fig. 3.6 is observed within the 
presented three simulated images in Fig. 3.16. Hence, the advance of the 
proposed method for the optimal surface coefficient selection is clearly verified. 
This method will guide us in the future lens designs for optimal lens 
performance. 
 
Figure 3.13 Ray-tracing spot diagram of the new tunable lens with element 
displacements equal to (a) 0.15 mm, (b) 0.30 mm and (c) 0.45 mm, respectively. 
“RMS” and “Airy” in the figure denote the RMS radius of the ray-tracing spot 
and the Airy disc radius, respectively. 
 




Figure 3.14 Ray aberration fans of the new tunable lens with element 
displacements equal to (a) 0.15 mm, (b) 0.30 mm and (c) 0.45 mm, respectively. 
The tangential axis is the normalized x or y pupil coordinate and the vertical 
axis is the difference between the ray intercept coordinate and the chief ray 
intercept coordinate in the x or y direction. 
 




Figure 3.15 MTF curves together with the Strehl ratios and the wavefront PV 
values of the new tunable lens with element displacements equal to (a) 0.15 mm, 
(b) 0.30 mm and (c) 0.45 mm, respectively. ‘SR’ and ‘PV’ in the figure present 
the Strehl ratios and the wavefront peak-valley (PV) values, respectively. 
 
 




Figure 3.16 Image simulation results of the tunable lens with element 
displacement equal to (a) 0.15 mm, (b) 0.30 mm and (c) 0.45 mm. The field 
height of the input image is set at 15 degrees. 
 
3.5. Summary  
The inherent imaging characteristic and alignment error tolerance of the solid 
tunable lens based on the Alvarez principle are studied in this chapter. Based on 
the results, a new analytic method for optimal lens parameter selection is 
proposed and tested.  
Results show that the lens performance inherently degrades with increasing 
element displacements. A smaller A value helps to alleviate the performance 
degrading but on the cost of enlarging element displacements in order to 
maintain the focal-length tuning range. Misalignment in y direction causes 
dramatic performance degradation while the effects of element tilts are 
relatively slight. Among all the tilt errors, the lens performance is most sensitive 
to the tilt error about z axis. If we define a 10% rise of NRSR value as the 
tolerance, the misalignment in y direction should be smaller than 0.01 mm and 
tilt errors about z axis should never exceed 1 degree. 
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To optimize the lens performance, we should minimize the air volume between 
the two elements rather than the lens element thickness, based on which an 
analytical method for lens surface coefficient selection is proposed. The results 
show that, by adopting the new coefficient values, lens performance is improved 
remarkably. Furthermore, the performance decay with increasing displacements 
is mitigated evidently. Meanwhile, the tolerances of misalignment and tilts 
about x and y axes are increased. These results would guide the solid tunable 











Chapter 4. Development of Compact Solid Tunable 
Lenses Driven by Piezo Actuators 
We have reported the first MEMS-driven solid tunable lens based on the 
conventional Alvarez principle [95], but noticed that the lens performance is not 
satisfactory due to the possible alignment errors in the assembly and inherent 
limitations of the design method. To guide the lens design and assembly and 
improve the lens performance, we established the numerical model of the solid 
tunable lens and analyzed the effect of lens parameters on lens performance. 
The alignment error tolerance was then studied numerically based on the 
established model. After that, an analytical method for selecting optimum lens 
surface coefficient was proposed and verified [129].  
In this chapter, a compact solid tunable lens driven by a piezo actuator is 
developed based on these theoretical results, to showcase the advance of the 
proposed design method in contrast with the convention one. Both the optical 
design and the mechanical design of the lens are covered in this chapter, 
followed by the fabrication and characterization of the device. 
4.1. Optical design of the solid tunable lens 
We have pointed out that there are three key parameters to be determined when 
we start the design of such a solid tunable lens according to the Alvarez 
principle as shown in Eq. (3.1). The value of A, determining the “speed” of the 
tuning, should be as small as possible for improving the lens performance. In 
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this design, we expect to achieve a focal length tuning range from several 
millimetres to tens of millimetres suitable for most miniature optical systems. 
Hence, taking into account the focal-length tuning range of interest and the 
maximum displacement we can achieve from the miniature actuator, A is 
determined as 0.075 mm-2. In addition, the initial gap between the two elements, 
g0, is set at 0.3 mm in view of the handling and assembly difficulties. On the 
other side, the miniature actuator is reasonably expected to provide a maximum 
displacement of 100 μm in our mechanical design. Accordingly, D is 
determined as -0.75 by Eq. (3.18). However, such a D value leads to a large tilt 
term in the equation, which poses a great fabrication challenge for the single-
point diamond turning technology. Hence, we changed the value of D to -0.15 
to avoid the seriously inclined plane and hence alleviate the fabrication 
challenge. Notice that this value is still closer to the optimal value compared 
with the one determined by the conventional method. 
 
Figure 4.1 Optical model of the designed tunable lens. (a) Basic optical 
configuration of the tunable lens, and lens performance (b) without lateral 
displacement and (c) with lateral displacement imposed on the lens elements. 
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As shown in Fig. 4.1, the final lens configuration consists of two elements, each 
having a flat surface and one freeform surface. As given by Eq. (3.6), the focal 









from which we can notice that the focal length is infinity if the lateral 
displacement is zero. Restricted by the available maximum displacement from 
the miniature actuator and the tiny A value, it is not easy to pull the focal-length 
tuning range back to the aforementioned one of interest. Hence, in this design, 
we changed the surface description in Eq. (3.1) by applying an initial offset to 
both the two freeform surfaces. The two freeform surfaces are no longer 
identical with each other, but changed to two offset surfaces as shown in Fig. 
4.1(a). When the two elements are perfectly aligned without any misalignment, 
the two freeform surfaces are now described by the following equations, 
respectively. 
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 (4.2) 
where A, D and E are set at 0.075 mm-2, -0.15 and 0.5 mm, respectively. δ0 is 
the initial offset applied into the freeform surfaces, which is set at 0.1 mm in 
this design. Therefore, when these two elements are aligned perfectly without 
any lateral displacement as illustrated in Fig. 4.1(b), the configuration no longer 
behaves as an optical plate, but as a lens with a focal length determined by the 
initial displacement δ0. In this case, the focal length governing equation in Eq. 
(4.1) is changed to: 
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where δ is the actual displacement moved by the lens elements and δ0 is the 
initial displacement pre-created in the lens elements. In this design, the 
maximum lateral displacement is expected to be 0.1 mm from the miniature 
actuator. Hence, the focal length of the designed tunable lens is further reduced 
with the additional displacement from the actuator, as shown in Fig. 4.1(c). 
Therefore, it is shown that this method by applying initial displacements to the 
lens surface can help to efficiently solve the problem of undesired focal length 
tuning range caused by the limited A value and restricted maximum lateral 
displacement. Again, we establish the optical model of the designed solid 
tunable lens to evaluate its performance. All the necessary parameters for 
optical modelling are listed in Table 4.1. 
Table 4.1 Values of the parameters of the designed solid tunable lens 
A D E g0 R δmax δ0 n 
0.075 mm-2 -0.15 0.5 mm 0.3 mm 0.75 mm 0.1 mm 0.1 mm 1.56 
The simulated back focal length of the tunable lens as a function of the lateral 
displacement is firstly obtained, as shown in Fig. 4.2. The results show that the 
initial focal length of the lens is around 60 mm when the two lens elements are 
aligned perfectly without lateral displacements. When the two elements move 
0.1 mm in x and –x axis respectively, the focal length is tuned to about 30 mm, 
which means that the back focal length of the designed solid tunable lens is 
adjustable within a broad range of [30, 60] mm. Figure 4.3 presents the spot 
diagrams of the designed lens with three different lateral displacements. As 
shown in the figure, the RMS radii of the three ray-tracing spot diagrams are all 
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controlled below the radii of their corresponding Airy discs, which tells us that 
the lens behaves as a diffraction-limited device in the designed tuning range 
according to the golden rule of lens design (Diffraction-limited lens: RMS spot 
radius is less than that of Airy disc or wavefront PV value is less than λ/4) [119]. 
 
Figure 4.2 Relation between the back focal length of the designed solid tunable 
lens and the input lateral displacement. 
 
 
Figure 4.3 Ray-tracing spot diagrams of the tunable lens with lateral 
displacement δ set at (a) 0, (b) 0.05 mm, and (c) 0.1 mm. “RMS” and “Airy” 
denote the RMS radius of the ray-tracing spot diagram and that of the Airy disc. 
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Figure 4.4 further demonstrates the ray aberration fans of the designed lens with 
three different focal lengths. It can be found that the maximum transverse ray 
aberration is around 15 μm within the whole tuning range. Furthermore, the 
main aberrations are the spherical aberration, coma and field curvature in the x-
z plane. Compared with the aberrations in x-z plane, the main aberrations in the 
y-z plane is the field curvature. With the increase of lateral displacement, there 
is no obvious enlargement of optical aberrations. Note that all these ray 
aberrations fans can only be used to reflect the relative performance of the 
tunable lens, but cannot be used to evaluate the lens performance 
comprehensively due to the non-symmetric feature of the lens surface. 
Figure 4.5 reveals the resolution capability of the designed solid tunable lens by 
plotting the MTF curves of the lens with different focal lengths. As shown in 
Fig. 4.5(a), when the lateral displacement is set at 0, the cutoff frequency of the 
MTF curve is about 40 cycles per mm. This value is raised to about 65 and 85 
cycles per mm respectively when the lateral displacement of the lens elements 
reaches 0.05 mm and 0.1 mm, as shown in Fig. 4.5(b) and (c). The reason of the 
cutoff-frequency increase is that the resolution capability of the lens is enhanced 
due to the decrease of the focal length. Note that the diameter of the Airy disc 
is determined by 1.22 λ/D∙f, where λ, D and f are the working wavelength, 
aperture size and focal length of the lens, respectively [130]. 
Figure 4.6 presents the image simulation results of the solid tunable lens at three 
different focal lengths, from which we can find that the images are relatively 
sharp and clear. Furthermore, no obvious image quality decay with the increase 
of lateral displacement is noticeable in these three images. 
 




Figure 4.4 Ray aberrations of the designed solid tunable lens with lateral 
displacement set at (a) 0, (b) 0.05 mm and (c) 0.1 mm, respectively. The 
tangential axis is the normalized x or y pupil coordinate and the vertical axis is 
the difference between the ray intercept coordinate and the chief ray intercept 
coordinate in the x or y direction. 
 




Figure 4.5 MTF curves of the designed solid tunable lens with lateral 
displacement of lens element set at (a) 0, (b) 0.05 mm and (c) 0.1 mm, 
respectively. The MTF curves of the lens in the tangential and sagittal planes 
overlap each other, and hence are not distinguishable in the figure. 
 
 




Figure 4.6 Image simulation results of the designed tunable lens with lateral 
displacement set at (a) 0, (b) 0.05 mm and (c) 0.1 mm. The field height is set at 
15 degrees in all the three figures. 
 
4.2. Mechanical design of the driving mechanism 
To drive the lens element to move laterally, in this design, a compact piezo 
actuator is employed to provide the initial displacement. As shown in Fig. 4.7, 
the piezo actuator is a commercially available module from PI Piezo 
Technology, of which the key specifications are summarized in Table 4.2 [131]. 
The actuator is able to provide a maximum displacement of 18 μm when the 
input DC (direct-current) voltage reaches 120 V. With a dimension of 3 mm × 
3 mm × 18 mm, the actuator has a stiffness of 18 N/μm and a resonant frequency 
of 70 kHz, which guarantees the dynamic performance of the driving 
mechanism. In addition, the blocking force of the actuator reaches as high as 
310 N, which provides us much convenience in the design of the cascaded 
displacement amplifier in the driving mechanism. 











mm μm μm N N/μm kHz 
3×3×18 15 18 310 18 70 
 




Figure 4.7 Picture of the miniature piezo actuator providing the initial 
displacement. Module: P-883.51 from PI Piezo Technology. 
 
 
Figure 4.8 Schematic of the symmetric four-bar topologies for displacement 
amplification in (a) positive and (b) negative directions. 
 
To reach the required maximum lateral displacement, a mechanical 
displacement amplifier is necessary to amplify the limited output of the piezo 
actuator. There are extensive designs of the compact mechanical amplifiers 
(CMA) based on flexure hinges and the leverage in literature, presenting various 
performance tailored for different applications [132-140]. In this chapter, we 
adopt a compact and large-amplification-ratio symmetric four-bar topology 
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[141], as show in Fig. 4.8, to amplify the output displacement of the piezo 
actuator. More specifically, the piezo actuator is insert into the four-bar 
configuration, and connected with “P1” and “P2” at both the two output ends. 
The displacement amplifier is fixed at point “P3”, and provides the amplified 
displacement at the free point “P4”, as shown in the figure. Once the piezo 
actuator expands by a deflection of 2d0, the two side bars connected with “P1” 
and “P2” points will be pushed to move a lateral displacement of d0 in –y and y 
direction, respectively, as presented in Fig. 4.8. Consequently, the two 
symmetric V-shaped bars are stretched, which results in a positive or negative 
displacement in x direction depending on the tilt direction of the V-shaped 
beams as shown in Fig. 4.8(a) and (b), respectively. Obviously, the 
amplification ratio and resonant frequency are related to the parameters 
indicated in the figure. We use the finite-element method (FEM) to optimize the 
four-bar mechanical displacement amplifier in order to obtain a maximum 
amplification ratio while maintaining a proper mechanical strength. 
To drive the two lens elements to move laterally in x and –x directions 
respectively, two miniature mechanical displacement amplifiers integrated with 
lens element supporting structures are designed based on the above four-bar 
topologies, as shown in Fig. 4.9. More specifically, the output port of the four-
bar amplifier is connected with a square window which is supported by two 
symmetric folded-beam flexure guides. The folded-beam flexure guide 
guarantees the motion of the window in the required x or –x direction. The only 
difference between these two mechanical amplifiers is the tilt direction of the 
two V-shaped beams, which determines the direction of the output displacement 
for the lens element. Hence, both the ‘pushing and ‘pulling’ displacement 
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amplifiers are designed critically consistent in order to make sure that the single 
piezo actuator can drive two lens elements to move synchronously with 
symmetric displacements. The overall dimension of the driving system is 21 
mm × 25 mm, as listed in Table 4.3, while the window for lens mounting has a 
dimension of 4.15 mm × 4.15 mm. The structure is then optimized in the FEM 
software to obtain the maximum output displacement and necessary mechanical 
strength with the four-bar amplifier driven by the aforementioned piezo actuator. 
The finalized dimensions of the two amplifiers are listed in Table 4.3. The 
thickness of these two mechanical amplifier is set at 0.3 mm, considering the 
fabrication convenience and necessary mechanical strength of the plates. 
Table 4.3 Dimensions of the optimized displacement amplifiers 
 w1 w2 l0 θ wf lf Thickness 
 mm mm mm degree mm mm mm 
Amplifier 1 in Fig. 4.9(a)  21 25 8.125 4.7 0.2 6.2 0.3 
Amplifier 2 in Fig. 4.9(b) 21 25 8.125 -4.5 0.2 6.2 0.3 
 
 
Figure 4.9 Schematic of the mechanical design of the displacement amplifier 
and lens mounting system, with (a) positive displacement and (b) negative 
displacement. 
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The simulated performance of the two mechanical displacement amplifiers, 
which are made of stainless steel 304, is shown in Fig. 4.10.  When the input 
displacement d0 reaches 10 μm, which is slightly beyond the maximum 
capability of the piezo actuator (18 μm/2 = 9 μm), the displacement distributions 
of these two mechanical displacement amplifiers are shown in Fig. 4.10(a) and 
(b) respectively. It is noted that the maximum output displacement d1 from these 
two amplifier is about 160 μm and -160 μm, respectively.  
 
Figure 4.10 Performance of the optimized mechanical displacement amplifier. 
Displacement distribution of the amplifier with (a) positive displacement and 
(b) negative displacement, and (c) relation between the input and output 
displacement of both the two amplifiers. 
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The relation between the input and output displacement is further revealed in 
Fig. 4.10(c), from which we can find that the output displacement is linearly 
related to the input one with an amplification ratio of about 16. In addition, the 
positive and negative displacements from these two amplifiers are consistent in 
the magnitude with a same input displacement of the piezo actuator, which 
ensures the symmetric moving of the two lens elements. In the simulation, we 
carefully controlled the maximum stress that occurs in the hinges below 250 
MPa to avoid yielding. 
 
Figure 4.11 Mechanical design of the supporting and driving mechanism of the 
tunable lens, shown in the order of assembling steps. 
 
Figure 4.11 illustrates the designed assembly process of the solid tunable lens. 
The lens element is firstly insert into the mechanical displacement amplifier, as 
shown in Fig. 4.11(a). After that, the two layers of displacement amplifiers 
integrated with lens elements are stacked with the freeform surfaces facing each 
other. The initial gap between the two lens elements is accurately controlled by 
a spacer between them. The piezo actuator is lastly inserted into the four-bar 
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topology to drive the lens elements. In the experiment, a plate with a hole is 
placed below these two layers to work as the optical stop, which is necessary 
for the testing. 
4.3. Device fabrication and assembly 
For lens-element fabrication, we use the single-point diamond turning 
technology followed by a standard PMDS replication process. As shown in Fig. 
4.12, in the first step, a single-point diamond turning technique with a 
fabrication accuracy of a few nanometers is utilized to create the desired 
freeform surface on an Aluminum substrate. For convenience of the lens-
element alignment and mounting, during preprocessing of the Aluminum 
substrate, one square base with two semicircle grooves and a larger one is 
created under the cylinder, on top of which the freeform surface is to be turned, 
as shown in Fig. 4.13(a). After that, a PDMS mold with an inverse pattern, as 
illustrated in Fig. 4.12(b), is fabricated with a standard replication process from 
the Aluminum mold. The fabricated device is shown in Fig. 4.13(b). Finally, 
lens elements are achieved by another replication process from the PDMS mold. 
Specifically, a UV curable optical adhesive (NOA83H, Norland, USA) is filled 
in the PDMS mold and then another optical flat PDMS slab obtained by 
replicating the surface of one prism is used to seal the concave mold in order to 
ensure one optical flat surface for the lens element, as shown in Fig. 4.12(c). 
The whole setup is then exposed to UV light for at least half an hour for 
hardening. Due to the low surface energy of PDMS, the hardened lens element 
is easy to be separated from the PDMS mold without any surface disfigurements, 
as demonstrated in Fig. 4.12(d). The final fabricated lens element is presented 
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in Fig. 4.13(c). Obviously, we can achieve any number of the lens elements at 
a low cost by simply repeating steps (c) and (d) as shown in Fig. 4.12. 
The mechanical displacement amplifiers are fabricated by the electric discharge 
machining (EDM) technique, which guarantees a minimum feature size of 0.2 
mm and a machining tolerance of 10 μm. A commercially available stainless-
steel-304 plate with a thickness of 0.3 mm is adopted as the raw substrate. Fig. 
4.14(a) illustrates the fabricated mechanical displacement amplifiers after EDM. 
With the help of a microscope, the lens element is firstly mounted into the 
window in the displacement amplifiers and fixed by a tiny dropt of UV gules, 
as shown in Fig. 4.14(b).  To guarantee the alignment precision, there are three 
grooves pre-created in the lens element as shown in Fig. 4.13. The side walls 
with these grooves are tightly connected with the side walls of the window. 
Lastly, the piezo actuator is insert into the stacked mechanical displacement 
amplifiers, forming the final tunable lens as presented in Fig. 4.14(c). In order 
to mount the piezo actuator stably, a preload for the piezo actuator is created by 
properly determining the mechanical dimensions of the four-bar topology which 
is used to amplify the output expansion of the piezo actuator. More specifically, 
the distance between both ends of the V-shape beams is designed as 10 micros 
shorter than the length of the piezo actuator. Therefore, the piezo actuator can 
be mounted tightly. In addition, four washers with a thickness of 0.3 mm are 
used to provide the initial gap g0 between the two layers. When the two lens 
elements are stacked, these four washers are insert into the corners in order to 
separate the lens elements with the expected gap. One plate with a 1 mm hole 
is lastly placed at the bottom of the tunable lens, as shown in Fig. 4.14(c), to 
form the optical stop. 
 




Figure 4.12 Fabrication process of the lens element. (a) Diamond turning, (b) 
PMDS replication, (c) lens element hardening, and (d) lens element separation. 
 
 
Figure 4.13 Fabricated devices. (a) Aluminium mold after diamond turning, (b), 
PDMS mold, and (c) final lens element. 
 
 
Figure 4.14 Fabricated mechanical displacement amplifiers and assembly of the 
tunable lens. Mechanical displacement amplifiers (a) before lens mounting and 
(b) after lens mounting, (c) assembled tunable lens. 
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4.4. Characterization of the tunable lens 
We firstly test the performance of the mechanical displacement amplifiers. As 
shown in Fig. 4.15, the static displacements of both the ‘pushing’ and ‘pulling’ 
displacement amplifiers versus input DC voltages are characterized. 
Specifically, when the two amplifiers are tested separately, with an input voltage 
of 130 V applied to the piezo actuator, the ‘pushing’ amplifier provides us a 
maximum positive displacement of 149.1 μm while the ‘pulling’ one offers us 
a negative displacement of 151.4 μm at most, as shown by the curves without 
symbols in Fig. 4.15.  
 
Figure 4.15 Relation between the output displacements of the amplifiers and the 
input DC voltages. 
 
However, when these two amplifiers are stacked together, the maximum output 
displacements of the two amplifiers decrease to 99.4 μm and 100.9 μm, 
respectively, as presented by the curves with symbols in Fig. 4.15. The reason 
is that the maximum output displacement of the piezo actuator is inversely 
proportional to the external load and hence reduced due to the enlarged load 
from the combined two mechanical amplifiers. In addition, the displacement-
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versus-voltage relation is nearly linear and the displacements of ‘pushing’ and 
‘pulling’ are symmetric, which ensures the simultaneous and symmetric motion 
of the two lens elements.  
Clearly, these two mechanical displacement amplifiers are able to drive the lens 
elements to move symmetrically in x/-x direction up to about 100 μm with an 
input DC voltage tuned from 0 V to 130 V, which meets the requirement in the 
optical design. 
Thereafter, the performance of the designed solid tunable lens is characterized. 
Fig. 4.16 demonstrates its capability of focal length tuning with various input 
DC voltages. More specifically, as shown in Fig. 4.16(a), a collimated laser 
beam is used to illuminate the tunable lens, and one high-resolution CCD 
controlled by a linear stage are used to receive the focused laser spot. The image 
of the focused laser spot is then monitored by one PC which is connected to the 
CCD. By analysing the density profile of the laser spot at different positions, 
the focal plane can be determined. One DC voltage supply is used to provide 
the necessary DC voltage for the piezo actuator. For each of the input voltage 
value, by searching the position of the focused spot of the collimated beam 
passing through the tunable lens, the back focal length can be determined. The 
relation between the equivalent back focal length and the input voltage is 
characterized by selecting 20 evenly-distributed voltage vales in the tuning 
range. As shown in Fig. 4.16(b), with the help of an original offset of 100 μm 
as mentioned above, a focal length tuning range from about 28 mm to 65 mm 
(about 2.3 times) is experimentally demonstrated. 
 




Figure 4.16 (a) Optical setup for focal length determination of the tunable lens, 
and (b) relation between the back focal length and the input DC voltage. 
 
 
Figure 4.17 (a) Optical setup for the imaging performance testing of the tunable 
lens, and (b)~(d) images captured by the tunable lens with input DC voltage set 
at 0 V, 65 V and 130 V, respectively. 
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Fig. 4.17 present the imaging performance of the solid tunable lens at different 
input voltages (i.e., different focal lengths). As illustrated in Fig. 4.17(a), one 
USAF 1951 resolution target illuminated by a light source is placed in front of 
the tunable lens as the object and then a microscope integrated with a high-
resolution CCD camera is utilized to capture the image formed by the tunable 
lens. The formed images are then recorded by the PC connected to the CCD. 
For convenience, the distance between the tunable lens and the microscope is 
fixed in the experiment, and the position of the target are adjustable through the 
linear stage mounting the target. For various input DC voltages, the position of 
the object needs to be adjusted in order to form clear images at the CCD camera.  
As shown in Fig. 4.17(b) ~ (d), the target placed at three different positions are 
focused clearly by the tunable lens with three different DC voltages. The optical 
zooming effect in the images is evident. Furthermore, no obvious distortion and 
blurring occur within these presented images, and, particularly, there is no 
visible performance degradation within the whole tuning range. Hence, the 
experimental results agree well with the simulation results. 
4.5. Summary 
In this chapter, we demonstrate a miniature tunable solid lens driven by a piezo 
actuator integrated with four-bar displacement amplifiers. Dynamic tuning of 
focal length about 2.3 times (from 28 mm to 65 mm) with excellent imaging 
quality is experimentally presented, which agrees well with the simulation 
results. Both the simulation and experimental results lead us to conclude that 
such a solid tunable lens based on the Alvarez principle and driven by a piezo 
actuator integrated with compact mechanical displacement amplifiers are 
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capable to vary focal lengths continuously within a large range. Furthermore, 
the proposed method for lens coefficient selection is beneficial for lens imaging 
quality, which agrees well with the theoretical results in Chapter 3. Compared 
with the reported miniature solid tunable lenses driven by MEMS actuators, this 
one is superior in either the tuning range or image quality. 
Based on this concept, solid tunable lenses with larger tuning range and more 
compact dimension are highly possible with further optimization of the optical 
and mechanical design reported in this chapter. Such a solid tunable lens in this 
chapter not only proves the validity of the proposed design method, but also 






Chapter 5. Development of Miniature Multi-Element 
Solid Tunable Lenses 
We have established the numerical model of the solid tunable lens, based on 
which the imaging performance and optimum design method of the lens are 
studied. Thereafter, a compact solid tunable lens driven by a piezo actuator 
integrated with displacement amplifiers is developed to verify the proposed 
design method. It is found that the experimental results agree well with the 
theoretical ones. 
However, it is also noticed from the experimental results that the optical power 
variations by such a design are limited and do not meet the practical 
requirements for the aforementioned miniature imaging system applications. 
The reason is as follow. From the design point of view, it is known that the 
optical power variation from a conventional miniature solid tunable lens is 
proportional to the A product, where A is a critical parameter that determines 
the shape of the freeform surface and  is the actuator’s displacement. With a 
conventional two-element solid tunable lens, it is inevitable that, for a given 
limited displacement  from a micro/miniature actuator, A must be large enough 
to achieve a large optical power variation. However, a large A leads to a poor 
imaging performance, as discussed in Chapter 3. Hence, it is quite challenging 
for the conventional two-element lens configuration to achieve a desirable 
optical power variation and at the same time maintain a satisfactory imaging 
performance due to the limited lateral displacements offered by micro/mini 
 
Development of Miniature Multi-Element Solid Tunable Lenses 
90 
 
actuators and the restrained A values from the practical consideration of lens 
performance.  
For the first time, we present in this chapter an approach, which involves 
multiple solid lens elements, to solve the problem of limited optical power 
variation in miniature tunable lens systems. More specifically, multiple lens 
elements are stacked and driven synchronously by two piezo actuators 
integrated with mechanical displacement amplification mechanisms. Thanks to 
the accumulation of the optical powers from the stacked elements, the need for 
greater surface coefficient A or larger later displacement  is alleviated. In 
addition, a novel miniature actuator providing independent displacements in 
both x and –x directions, driven by miniature piezo actuators, is developed and 
characterized. Lastly, we experimentally compare the performance of a four-
element Alvarez lens with a conventional one from three aspects, i.e., abilities 
of optical power tuning, imaging performance (images captured at various focal 
lengths) and resolving powers (Modulation-transfer-function curves).  
5.1. Optical design of the multi-element tunable lens 
As shown in Fig. 5.1(a), a typical Alvarez lens consists of two elements, each 
having an optical flat surface and an identical free-form surface with a cubic 




t A xy x Dx E
     
   
(5.1) 
where A, D, and E are coefficients to be determined. As presented by the inset 
in Fig. 5.1(a), such a configuration behaves like an optical parallel plate when 
the centres of the two elements are perfectly aligned with no relative lateral 
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displacements. However, if the two elements shift δ and -δ respectively along 
the x direction, the equivalent thickness of the combination in the optical path 
is modulated by the displacement , providing an overall phase delay given by 
Eq. (5.2) if the material refractive index is n. 
 
   2 2-2 1A n x y   
 
(5.2) 
which leads to an equivalent optical lens with an optical power  determined by: 
 
 1 4 1A n
f
   
 
(5.3) 
where f is the focal length. Clearly, by shifting lens elements with different 
displacements, dynamic focal length tuning is achieved.  
 
Figure 5.1 Schematic of (a) conventional two-element tunable lens and (b) 
multi-element tunable lens. 
 
In order to increase the optical power variation without sacrificing the lens 
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performance, we propose a configuration that consists of multiple stacked 
elements, as presented in Fig. 5.1(b). Clearly, if there are M pairs of lens 
elements driven synchronously, with the same lateral displacements , the 
overall phase delay is increased by M times and thereby the equivalent optical 
power is increased M-fold: 
 
 1 4 1MA n
f
   
 
(5.4) 
From Eq. (5.3) and Eq. (5.4), it is obvious that the value of A determines the 
proportional ratio between the lateral displacement and optical power. In Eq. 
(5.1), the value of D actually contributes to the tilt term, which can be used to 
optimize the lens performance as discussed in Chapter 3, while the value of E 
has no obvious effect on lens performance but determines the central-to-central 
element thickness. 
To guide the design, we firstly compare the performance of a traditional two-
element solid tunable lenses with the proposed multi-element tunable lenses 
numerically. Subsequently, the effect of different lens configurations and 
element misalignment errors on lens performance are numerically studied using 
the ray-tracing technology. Since the lens designed in this chapter is a near-
diffraction-limited device, the Strehl ratios are used as the merit function to 
indicate the lens performance. 
In this chapter, the material of the lens element used is still the UV curable 
adhesives NOA83H from Norland, USA, with a refractive index of 1.56 in the 
visible spectrum. The freeform surface coefficients and the other lens 
parameters used in the ray tracing simulations are listed in Table 5.1 and are 
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kept consistent in all studies. An aperture with a diameter of 1.5 mm is placed 
closely in front of the first lens element as the optical stop. All results obtained 
in this chapter are based on the commercially available software ZEMAX® 
(Version 13 EE) and MATLAB® (Version 2012). 
Table 5.1 Lens parameter values for simulation 
 Two-element lens Four-element lens Six-element lens 
A  (mm-2) 0.15 0.075 0.05 
D  -0.15 -0.15 -0.15 
E  (mm) 0.3 0.3 0.3 
δ  (mm) [0.1, 0.3] [0.1, 0.3] [0.1, 0.3] 
f   (mm) ≈[10, 30] ≈ [10, 30] ≈ [10, 30] 
R  (mm) 0.75 0.75 0.75 
g0  (mm) 0.3 0.3 0.3 
g1 (mm) None 0.05 0.05 
A, D and E are surface coefficients; δ is the lateral displacement; f is the expected back 
focal length; R is the radius of the optical stop; g0 and g1 are the centre-to centre gaps 
between two adjacent elements. All parameters are kept consistent in all simulations. 
 
As shown in Fig. 5.2, the performances of the tunable lenses with different 
numbers of elements are compared. In this study, the designed back focal length 
tuning range and the extent of the element lateral displacement  for all lenses 
are kept identical. It can be observed that increasing the number of elements to 
four drastically raises the Strehl ratio within the whole tuning range, which 
apparently leads to superior lens performance. The reason is that the 
conventional two-element tunable lens needs a larger value of A in order to 
achieve the same focal length tuning range with the given lateral displacement 
range. This is clear by comparing Eq. (5.3) and (5.4). However, a larger value 
of A brings us deteriorated lens performance. Thanks to the accumulation of 
optical powers from multiple pairs of elements in a multi-element solid tunable 
lens, the value of A can be greatly reduced. In other words, using the proposed 
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method, a lens with high imaging quality and substantial optical power variation 
is possible with “flatter” free-form surfaces and short-stoke micro-actuators. 
According to Fig. 5.2, it can also be concluded that reducing the value of A 
should be given the priority during the design of such lenses. 
 
Figure 5.2 Effect of increasing number of elements on lens performance. Except 
the A values, all parameters are set as the same in these three lens configurations. 
 
Theoretically, we can increase the number of lens elements to enhance the 
imaging performance while keeping the same micro-actuators and maintaining 
the overall focal length tuning range, since the value of A can be reduced 
accordingly. This trend is clear in Fig. 5.2 by observing the results of two-
element, four-element, and six-element lenses. However, we need to take into 
account practically the challenges of assembly process and the effects of light 
scattering and reflection from the increased number of lens surfaces. 
For a four-element tunable lens, the lens elements can be assembled into a 
centrosymmetric or non-centrosymmetric configuration, as shown in the insets 
of Fig. 5.3. We simulate and compare the performances of these two different 
configurations. It can be clearly observed from Fig. 5.3 that a centrosymmetric 
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configuration leads to a comparatively superior imaging performance. We will 
hence implement this symmetric configuration in our lens demonstration in the 
next section. 
 
Figure 5.3 Comparison between two four-element solid tunable lenses with the 
centrosymmetric and non-centrosymmetric configurations respectively. 
 
Considering the inevitable alignment errors of lens elements during assembly, 
we also conduct a study on the effects of these misalignment errors on the 
imaging performance of the four-element solid tunable lens in a 
centrosymmetric configuration. The results are plotted in Fig. 5.4. In our 
simulations, a series of uniformly distributed pseudorandom values are 
generated by MATLAB®. They are subsequently treated as the alignment errors 
and assigned to each lens element. For each focal length configuration, two sets 
of random error distributions are generated along a selected degree of freedom 
under investigation. Each has a different maximum error value and a sample 
number of ten. We then repeat the ray tracing calculations for each set and then 
compute the average Strehl ratios.  
As presented in Fig. 5.4(a), randomly distributed misalignments of elements 
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(not larger than 20 μm) in x direction have a negligible influence on the lens 
performance, while misalignments in y direction cause a large performance 
degradation. With random misalignments of lens elements less than 10 μm in y 
direction, the Strehl ratios are reduced by a factor of about 30%, and they are 
further pulled down to a factor of more than 80% if the maximum value of the 
random misalignment errors is set at 20 μm.  
Similarly, Fig. 5.4(b) demonstrates the effects of tilt errors on the lens 
performance. It is noted that with random tilt errors not greater than 0.5 degrees 
about any axis, the degradation of Strehl ratios is controlled within about 10%. 
Among all tilt errors, the lens performance is most sensitive to tilts about z axis. 
As shown in the figure, when the maximum value of the random distribution of 
the tilt errors about the z axis is set at 1 degree, the Strehl ratios are reduced 
substantially and, furthermore, the degradation of the lens performance is 
aggravated with decreasing focal lengths (i.e., increasing lateral displacements). 
The simulation results shown in these two figures tell us that the lens 
performance is most sensitive to the misalignments in the y direction. In order 
to maintain an acceptable lens performance for this particular four-element 
tunable lens, misalignments in the y direction should be smaller than 10 μm and 
tilts about any axis should not exceed 0.5 degrees.  
Based on the above numerical results, a four-element solid tunable lens is 
designed and fabricated with the free-form surface coefficients and assembly 
parameters shown in Table 5.1. With a centrosymmetric configuration, we 
expect such a lens to achieve a focal length tuning range from about 10 mm to 
30 mm, and at the same time, having improved imaging performance. 
 




Figure 5.4 Effects of alignment errors on lens performance. (a) Decenter in x or 
y direction and (b) tilt errors. dx and dy present the values of decenter in x and 
y directions while tx, ty and tz indicate the values of tilt errors about x, y and z 
axes, respectively. 
 
5.2. Mechanical design of the actuation mechanism 
To drive lens elements to move synchronously in the positive and negative x 
direction, we design a miniature displacement amplification mechanism 
integrated with two piezo actuators providing initial displacement outputs, as 
shown in Fig. 5.5(a). A five-bar topology is utilized to amplify each piezo 
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actuator’s expansion, and transfer the motion to drive a platform suspended by 
folded-beam springs, where lens elements are mounted. The structure design is 
symmetric to implement the desired movements in two opposite directions, as 
indicated by the red arrows in the figure. Finite-element method (FEM) is used 
for structural optimization and the material of the structure is stainless steel 
SUS304. Fig. 5.5(b) presents the performances of such actuation mechanisms 
after optimization. The displacements of the piezo actuators are magnified by a 
factor of about 15 and the maximum Von Mises stress is controlled below 300 
MPa as shown in the lower right inset of Fig. 5.5(b). The first Eigen frequency 
is about 690 Hz and the resonant mode follows the direction as we expect. 
As shown in Fig. 5.5(c), the lens element is designed to have a square plate (4 
mm × 4 mm) with a raised pillar at the center having a diameter of 2.5 mm and 
a height of 0.3 mm, where the active free-form surface locates. A thin stainless 
steel structure (thickness 0.3 mm) with a square window of size 4.05 mm × 4.05 
mm is used to mount the lens element, as indicated in the top left inset of Fig. 
5.5(c). In addition, one rectangular and two semicircle grooves are created in 
the lens element to mark the axes and at the same time act as structures to hold 
the adhesives for fixing during assembly. To align lens elements precisely on 
top of the actuation mechanisms layer by layer, accurate alignment holes of 
diameter 1 mm are created in each element mount as well as in the platforms of 
the two mechanisms. As shown in Fig. 5.5(c), four alignment pins with a 
diameter of 1 mm are used for lens element alignment during the assembly. 
Spacers having a thickness of 0.6 mm are used to accurately control the center-
to-center gaps (i.e., g0 and g1 in Fig. 5.1) between different layers.  
 




Figure 5.5 Mechanical design of the multi-element solid tunable lens. (a) 
Displacement amplification mechanisms integrated with piezo actuators, (b) 
FEM simulated performance of the designed actuation mechanism, and (c) 
schematic of the assembly process for the solid tunable lens. 
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When all the lens elements and spacers are secured firmly by adhesives 
dispensed around the sides, the four alignment pins are removed. A thin plate 
with a circular hole of diameter 1.5 mm is used as an optical stop and is fixed at 
the bottom of the actuation structure. With such a design, we expect to realize 
an assembly precision of about 10 μm for satisfactory imaging performance.  
5.3. Device fabrication and assembly 
 
Figure 5.6 Fabricated parts and schematic of the assembly. (a) Aluminium mold, 
(b) PDMS mold and plate with optical flat surface, (c) lens element, (d) 
fabricated mechanical structures and (e) lens element mounting, (f) alignment 
of different layers and (g) final four-element tunable lens. 
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To fabricate the lens elements, we utilize a process of diamond turning followed 
by the PDMS replication, as shown in Fig. 4.12. More specifically, an aluminum 
mold with the required surface profile is first created by the technique of single-
point diamond turning, as shown in Fig. 5.6(a). A square platform with 
semicircle and rectangular indentation patterns and a smaller raised pillar is 
fabricated using conventional machining on the top surface of an aluminum 
cylinder. A precision diamond-turning process then further shapes the surface 
of the raise pillar into the desired free-form. As shown in Fig. 5.6(b), an inverse 
mold is then obtained by a standard PDMS replication process. In this step, 
liquid PDMS prepolymer (Sylgard 184 silicone elastomer, from Dow Corning 
Corp) is firstly mixed with the curing agent with a ratio of 10:1, degassed and 
then poured into a cavity formed by the top surface of the aluminum cylinder 
enclosed by an aluminum ring. After more than 2 hours of hardening in an oven 
with a temperature of about 70 degrees Celsius, the desired lens element surface 
is replicated. With this PDMS mold, the final lens element is achieved by 
another replication process. A droplet of UV curable optical adhesive 
(NOA83H, Norland, USA) is filled into the PDMS mold cavity. In this step, 
bubbles might exist in the droplet. To improve the optical quality of the lens 
element, the droplet is examined carefully under an optical microscope. Visible 
bubbles are then removed by a tiny needle under the microscope. Another 
PDMS plate with one optically flat surface replicated from a mirror is used to 
seal the inverse mold, and then the whole PDMS combination is placed under a 
UV light source for one-hour hardening. As shown in Fig. 5.6(c), the lens 
element can be separated from the mold easily.  
All mechanical structures are fabricated with the technology of electrical 
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discharge precision machining, which offers us a fabrication error less than 10 
μm. The fabricated mechanical parts are shown in Fig. 5.6(d). 
To fix the lens element on its mechanical mount, we firstly insert the element 
into the window. Considering machining tolerances and assembly convenience, 
the window is designed to be slightly larger than the square platform of the lens 
element. However, the alignment precision is still maintained by pushing the 
element to make sure that the two designated perpendicular sides of lens 
element are in tight contact with their respective sides of the window. During 
the assembly process, the designated horizontal and vertical sides of different 
layers of lens elements are aligned with the help of alignment pins. As shown 
in the inset of Fig. 5.6(e), to secure the lens element with its mount, we dispense 
a tiny droplet of UV adhesive to each groove and then harden it under a UV 
light source for about 30 minutes.   
To mount the lens elements on the two platforms of the actuation mechanisms 
accurately, we followed the procedure as discussed in last section. Precision 
alignment pins and holes are used to align these components, as shown in Fig. 
5.6(f). Once the elements and spacers are fixed tightly to the actuation 
mechanism, the pins are removed. Both two-element and four-element Alvarez 
lenses are fabricated and tested. 
The final four-element tunable lens is presented in Fig. 5.6(g). Piezo actuators 
are inserted into the mechanical structures and hitched by a short plastic tube 
which is connected to the mechanical frame tightly, as indicated by the lower 
left inset in Fig. 5.6(g). The distance between two ends of the flexure guide is 
designed to be 10 μm shorter than the length of the piezo actuator to offer a 
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tolerance for machining error and a preload for the piezo actuator. By design, 
there are initial offsets of 0.1 mm for the respective lens elements after the 
assembly process, as shown schematically in the top inset in Fig. 5.6(g), to pre-
set the initial overall focal length of the lens to a few tens of millimeters. 
5.4. Characterization of the multi-element tunable lens 
We first examine the machining errors of the fabricated mechanical parts under 
a microscope. Results show that, for in-plane dimensions, a maximum error less 
than 10 μm is achieved for the actuation mechanisms and a maximum error less 
than 5 μm is realized for the lens mounts and spacers. The thickness of all parts 
is controlled within a precision of 2 μm. Clearly, the machining precision meets 
our requirements as discussed in section 5.1.  
We then characterize the performance of the actuation mechanisms under an 
optical microscope. The piezo actuators used are commercially available model 
P883.51 from PI instrument with a size of 3 mm × 3 mm × 18 mm. Such an 
actuator has a maximum displacement of 18 μm with a DC input around 130V. 
The results are shown in Fig. 5.7(a). ‘Mechanism 1’ and ‘Mechanism 2’ in the 
figure represent the upper and lower suspended platforms moving in two 
opposite directions. It is observed that a maximum displacement of 125 μm can 
be achieved with an input voltage of 130 V. In addition, the relation between 
the displacement and input voltage is nearly linear, but there is hysteresis 
between the two curves obtained with increasing and decreasing input voltages, 
respectively. A maximum displacement deviation of about 20 μm occurred at 
the voltage around 60 V due to the hysteresis. A close-loop operation would 
help to weaken or even eliminate this effect. It is also noted that the maximum 
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displacement deviation between two mechanisms is less than 5 μm, which offers 
us two nearly symmetric motions in x and –x directions even without any 
displacement calibration. 
 
Figure 5.7 Measured actuation performance. (a) Static displacements with 
different DC voltages and (b) frequency responses. ‘Mechanism 1’ and 
‘Mechanism 2’ present the two mirror-symmetric suspended structures moving 
in two opposite directions. 
 
The dynamic performance of the two mechanisms is then tested. As shown in 
Fig. 5.7(b), the resonant frequencies of the two mechanisms without any lens 
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element mounted are determined to be around 710 Hz, which are in good 
agreement with the FEM simulations. When there are two or four lens elements 
mounted, the resonant frequency is reduced to about 400 Hz or 300 Hz, 
respectively. Since the resonant-frequency difference between the two 
mechanisms is slight, to make the figure concise, only the results of mechanism 
1 are plotted in Fig. 5.7(b). 
We then test the performance of the two-element solid tunable lens. The optical 
setup for lens testing is plotted in the inset of Fig. 5.8(a). A USAF 1953 
resolution target is placed at a distance of 300 mm from the lens as the object 
and an optical microscope with a CCD camera is utilized to capture the images 
formed by the tunable lens. The focal length tuning results are shown in Fig. 
5.8(a). A dynamic tuning range from f = 39.48 mm ( = 25.3 dioptres) to f = 
21.55 mm ( = 46.4 dioptres) is achieved with an input DC voltage adjusted 
from 0 to 130 V. When the DC voltage is gradually reduced from 130 V to 0 V, 
the curve departs from the original one a little bit due to the displacement 
hysteresis, but the overall tuning range is kept unchanged. It is noticed that the 
actual focal length tuning range departs from the original design (10 mm to 30 
mm) for about 10 mm. It is because the designed initial offset of ±0.1 mm 
between the respective lens elements is increased after inserting piezo actuators 
into the V-shape mechanisms. The focal length is calculated by the following 
equation: 
 
 / 1dis a af D M M  
 
(5.5) 
where Ddis is the known object distance (300 mm) and Ma is the optical 
magnification of the tunable lens calculated from the recorded image. 
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We also measure the MTF curves of such a lens to test its imaging performance. 
The MTF curves are calculated based on the images of the resolution target. For 
each spatial frequency, the MTF value is determined by following equations: 
 
     o100 % / 0r n t r o ntM TF f C f C 
 
(5.6) 
where Cont(0) is the low frequency contrast and Cont(fr) is the contrast at spatial 
frequency fr. They are determined by: 
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(5.7) 
where VB is the minimum luminance for black areas while VW is the maximum 
luminance for white areas. Vmin and Vmax present the minimum and maximum 
luminance for the pattern at the particular spatial frequency fr. To obtain the 
actual MTF curves of the tunable lens under test, the MTF value at each spatial 
frequency is divided by a reference MTF value at the same frequency calculated 
from a calibration USAF target image captured directly by the microscope.  
As shown in Fig. 5.8(b), three MTF curves obtained at three different focal 
lengths are demonstrated. It is observed that the maximum resolution of such a 
tunable lens is about 20 lines per mm and there is a slight degradation of the 
resolution with the increase of the input voltages. Fig. 5.8(c)-(e) present the 
corresponding images captured for MTF measurement. 
The four-element solid tunable lens in a centrosymmetric configuration is also 
tested. As shown in Fig. 5.9(a), a dynamic tuning range from f = 19.64 mm ( 
= 50.9 diopters) to f = 10.63 mm ( = 94.1 diopters) is achieved with the same 
input voltage range. The MTF curves at three different focal lengths are also 
measured, as shown in Fig. 5.9(b). Comparing to that of the two-element lens, 
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there is a noticeable degradation of MTF curves, which means that the resolving 
capability of the lens is weakened with an increased number of lens elements.  
 
Figure 5.8 Imaging performance of the two-element solid tunable lens. (a) 
Relationship between the focal length and input DC voltage, (b) MTF curves, 








Figure 5.9 Imaging performance of the four-element solid tunable lens. (a) 
Relationship between the focal length and input DC voltage, (b) MTF curves, 
and (c) - (e) images captured at increasing voltages set at 0 V, 70 V, and 130 V, 
respectively. 
 
The images shown in Fig. 5.9(c)-(e) also tell the same fact. This is expected as 
both the four-element and two-element lenses under test have the same value of 
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A, which is a main factor that determines the image quality. In the four-element 
lens, however, the larger amount of stray light caused by scattering and 
reflection from increased number of optical surfaces might cause the image 
degradation. Applying anti-reflection coatings on these surfaces might be 
helpful to solve this problem. Nevertheless, the optical power tuning range of 
the four-element Alvarez lens is clearly doubled with the same actuation 
mechanisms comparing to that of the two-element one. This suggests that the 
proposed multi-element Alvarez lens approach might offer a practical way to 
achieve large optical power variations with small stroke micro-actuators and 
thereby facilitating the miniaturization of such lenses. 
5.5. Summary 
In this chapter, miniature multi-element solid tunable lenses are designed and 
simulated using ray-tracing technology. A four-element lens and a conventional 
two-element lens are experimentally demonstrated using a combination of 
precision electrical discharge precision machining, diamond turning, and soft 
PDMS molding processes. The solid tunable lenses are driven by compact piezo 
actuators integrated with displacement amplification mechanisms. Results show 
that such a configuration of multiple elements is able to greatly increase the 
optical power variation of the lens, and potentially without sacrificing the lens 
performance. 
 Such a configuration offers us large optical power variations and more degrees 
of freedom for optical aberration correction by either optimizing lens surface 
profiles of different pairs independently, or adjusting element configurations, 

















Chapter 6. Development of Miniature Solid Tunable 
Dual-Focus Lenses Driven by MEMS Actuators 
Dual-focus (DF) lenses, which are designed to have two distinct optical powers, 
have drawn much attention in both academia and industry areas due to their 
inherent advances in various optical applications [142-145]. By concentrating 
one portion of the laser energy further into the material while focusing the other 
portion of the laser beam onto the ‘upper’ position near the material surface, DF 
lenses can produce a relatively uniform energy distribution along the cutting 
depth in the sample and hence benefit the laser cutting system with reduced 
processing time and improved surface finish [145]. In addition, with a DF lens 
integrated, the upgraded laser cutting system allows much thicker materials to 
be cut at a given laser power. In microscopy systems, it is not easy to achieve 
high resolution and large depth of focus at the same time due to the inherent 
limitation of the normal lens system. Consequently, one must move the object 
or microscope tube to focus the area of interest in turn if the surface of the object 
is not even, which brings much inconvenience for the operators. A dual-focus 
lens can be applied in such a system to equip the microscope with two separated 
foci and hence extended depth of focus, which permits the observer to view the 
uneven surface conveniently, though with a relatively reduced contrast [146-
148]. Examples also include various common-path interferometers used for 
surface profiling and nondestructive testing [149, 150]. To improve the 
sensitivity and precision of the interferometer, the system should be insulated 
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from the environmental disturbances, including mechanical vibrations, air 
turbulence and thermal drift. One of the methods to achieve the above-
mentioned insulation effect is to use the DF lens. More specifically, the two 
interference laser beams are originated from the same laser source and one 
common optical path, and then separated by the DF lens. Therefore, such a 
“self-referenced” interferometer is insulated from the external environment to 
some extent as the disturbances are generally cancelled with each other.  
There are a few existing technologies to realize DF lenses. Three typical 
examples of them are birefringent lenses [143, 144], two-layered spherical 
lenses [151] and liquid lenses with stepped-thickness membranes [152]. Taking 
advantage of the refractive index deviation for rays with different polarizations 
(namely ordinary rays and extraordinary rays), various uniaxial crystals can be 
used to make DF lenses. It is apparent that one of the focal length is determined 
by the ordinary component in the rays while the other one is made by the 
extraordinary rays. The second technology is to stack two layers of concentric 
spherical lenses with different curvatures which generate two distinct optical 
foci for rays passing through the two distinguished areas, and hence create a DF 
effect. Both these two methods can only provide fixed dual foci, and face the 
drawbacks of relatively high costs and complicated fabrication processes, 
respectively. The third one is developed from the well-known idea of liquid 
lenses. In such a lens, a stepped-thickness membrane is used instead of a 
uniform one to seal the chamber which holds the liquid material. Once a uniform 
driving pressure is applied, the stepped-thickness membrane is deformed into 
two different spherical surfaces, and hence leads to two separated foci. Unlike 
the other two methods, this technology provides us not only two distinct foci 
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but also the tunability of both these two foci. However, such a liquid DF lens is 
confronted with all the issues faced by normal liquid lenses, including 
mechanical and thermal stability, complex packaging process and potential 
leakage and evaporation problems [10, 11]. 
In this chapter, we propose a novel kind of solid tunable DF lenses, which are 
designed based on freeform optics and driven by micro-electro-mechanical-
systems (MEMS) rotary actuators. 
6.1. Optical design of the solid tunable dual-focus lens 
The proposed DF lens consists of two elements, as illustrated in Fig. 6.1, each 
having an optical flat surface and one freeform surface governed by the 
following Eq. (6.1). The two elements are aligned with these two freeform 
surfaces facing each other, and driven by two rotary MEMS actuators 
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where r and θ are the radii and azimuth respectively in the polar coordinate 
system, as shown in the lower right inset in Fig. 6.1. The first term, where c and 
k present the curvature and conic constant, is a standard conic required by the 
ray-tracing software to initiate the simulation. It is used to give the best-fit 
standard spherical/aspherical component in the designed freeform surface, and 
hence determine the paraxial properties of the lens in the later ray tracing 
exercise. The second term is a linear combination of standard Zernike 
polynomials, which is used to compensate the optical aberrations in the 
optimization process. Bi is the weight of the ith Zernike polynomial Zi(r, θ). The 
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third term is the effective one to equip the lens with the tunable-dual-focus 
ability. A is a constant controlling the “speed” of tuning and  is an azimuth 
constant determining the initial focal length of the DF lens without any 
rotations. 
 
Figure 6.1 Basic configuration of the proposed dual-focus lens. The sign 
convention for all the parameters follows the rules in ZEMAX. A clockwise 
rotation leads to a positive rotation angle. 
 
 
Figure 6.2 (a) Surface profiles of the two elements without relative rotation, and 
(b) optical phased delay generated, (c)surface profiles of the elements when 
element 2 rotated by an angle of γ and (d) phase delay generated by the lens. 
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It is obvious that the optical phase delay (OPD) caused by this configuration is 
determined by the combination of the element thicknesses. Note that the first 
term contributes nothing but a reference in ZEMAX if we define c=0 and 
k=infinity, and the second term is used for aberration compensation only and 
does not contribute to the optical power directly. Hence, we use the third term 
to derive the first-order approximation of the OPD for simplicity. If the two 
elements are aligned perfectly as shown in Fig. 6.1, and the surfaces are defined 
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as shown in Fig. 6.2(a), the OPD generated by the configuration is given by: 
 
 22 1 0O PD ( 1)( ) 1n z z C A r n C       
 
(6.3) 
where n is the refractive index of the material and C is a piston constant related 
to the element central thicknesses. Figure 6.2(b) demonstrate the final OPD and 
it is noted that Eq. (6.3) presents a standard optical power, which makes the 
configuration equivalent to an optical lens with a focal length determined by: 








However, when we rotate element 2 by an angle of γ, as shown in Fig. 6.2(c), the 
OPD is changed to: 
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(6.5) 
which is illustrated in Fig. 6.2(d). Such an OPD equips the configuration with 
two separated focal lengths, given by: 
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Apparently, in this case, the focal length in Eq. (6.4) is split into two, resulting 
in a dual-focus effect. Furthermore, the two separated focal lengths are found to 
be related with the rotation angle γ. Hence, a tunable dual-focus effect is 
achievable by changing the relative rotation angles between the two elements. 
Next, we establish the optical model of the proposed DF lens in ZEMAX 13 EE 
for optimization. As shown in Eq. (6.1), the curvature c, conic constant k, and 
weights of the Zernike polynomials Bi can all be set as variables in the 
optimization process for optimal lens performance. To save fabrication cost, in 
this paper, we set c=0 and k=infinity and keep them unchanged. In addition, 
only the first 10 Zernike polynomials are used for aberration correction, and we 
only consider the ray-tracing spot sizes in the merit function as ZEMAX fails to 
give us correct evaluation for the other operands such as various optical 
aberrations and even effective focal lengths after extensive trials. For better 
imaging performance, higher order of Zernike polynomials should be added into 
the governing equation, and furthermore, more operands besides the spot size 
should be taken into consideration. The initial values of the other parameters 
are listed in Table 6.1. 
Table 6.1 Initial parameter values of lens surfaces for optimization 
 c k Ba A (mm-1) θ0  (rad) α (⁰) Gap (mm) Radius (mm) 
Surface 1 0 infinite 0 0.09 0.3 0 
0.3 4 
Surface 2 0 infinite 0 0.09 0 ≤8⁰ 
aB denotes the weight vector [B1, B2, …, B10]. 
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In the optimization process, three different configurations where the relative 
rotation angles are set at 0, 4º and 8º, respectively, are taken into consideration 
simultaneously using the “multi-configuration” function in ZEMAX. After 
extensive trials of optimization, the values of weight vector B are found to be at 
the magnitude of 10-5.  
 
Figure 6.3 Ray-tracing results of the designed DF lens when the relative rotation 
angle set at (a) 0, (b) 4º, and (c) 8º. “Focus 1” and “Focus 2” present the two 
separated foci, respectively. The refractive index of the material is set at 1.56. 
 
Figure 6.3 presents the final results, where we plot the rays focused by the two 
different foci separately in purpose to illustrate the diagram clearly. The 
simulation results show that the initial focal length of the designed DF lens is 
about 31.0 mm when there is no relative rotation angles, and this focal length is 
split into two when one rotation angle occurs. Focal length 1 is tuned from 31.0 
mm to 24.8 mm with a rotation angle of 4⁰ and further to 20.6 mm when the 
rotation angle is increased to 8⁰ while the other one is tuned to 41.2 mm and 
further to 59.6 mm simultaneously. 
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6.2. Mechanical design of the MEMS rotary actuator 
To drive the lens element to rotate about its optical axis, a compact MEMS 
thermal rotary actuator is designed based on a standard silicon-on-insulator 
(SOI) wafer, as illustrated in Fig. 6.4(a). Two symmetric V-shaped thermal 
actuators are designed to provide the initial output displacements, driving a pair 
of symmetric V-shaped suspensions which is used to amplify the initial output 
displacements. The amplified displacements are further transferred to a rotary 
motion by two half-circular-shaped flexural beams, which are connected with a 
circular window for lens elements mounting. The thermal actuator design and 
dimensions of the beams are optimized by the finite-element method (FEM) to 
obtain the maximum output rotation angle at a given driving voltage and 
meanwhile maintain a proper mechanical strength.  
The standard SOI chips we use in this paper consist of three layers, which are 
one 25 µm silicon layer for patterning, one 2 µm oxide layer for electrical 
insulation, and one 400 µm silicon substrate layer for handling. All the active 
patterns are created on the top 25 µm silicon layer. After optimization, the two 
thermal actuators are determined to have 20 V-shaped beams with a width of 15 
µm and a tilt angle of 2.2º with respect to the horizontal direction as shown in 
the schematic. The length and width of the flexure beams are set at 1.0 mm and 
20 µm, respectively. The included angle of the V-shaped suspension is finalized 
as 165º. The inner radius of the circular window is designed as 0.75 mm to meet 
the practical dimension of the lens elements. Two tapered opening are etched to 
fix the lens elements and meanwhile denote the alignment direction. Figure 
6.4(b)~(d) demonstrate the simulation results of the actuator after optimization. 
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More specifically, when the input DC voltage is set at 10 V, the maximum 
temperature of the actuator is increased from the room temperature (293 K) to 
about 440 K, as shown in Fig. 6.4(a), and the central circular window is rotated 
by an angle of about 7.5º while the maximum von Mises stress is controlled 
below 1.2 GPa, as demonstrated in Fig. 6.4(c) and (d), respectively. It is noted 
that this rotation angle can meet the requirement in the optical design. 
Furthermore, there is no center drift during the rotation, which is of great 
significance for the lens performance. 
 
Figure 6.4 MEMS rotary actuator design. (a) Schematic of the rotary actuator, 
FEM numerical simulation results of the actuator, showing (b) temperature 
distribution, (c) total displacement distribution and (d) von Mises stress 
distribution when the input voltage is set at 10 V. The units in (b) ~ (d) are K, 
µm and Pa, respectively. 
 
6.3. Device fabrication and assembly 
The lens elements are fabricated by the technology of single-point diamond 
turning followed by a standard PDMS replication process [95, 153-155]. As 
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illustrated in Fig. 4.12, a metal mold is first created by the technology of 
diamond turning to realize the designed freeform surface. After that, a standard 
PMDS replication process is used to achieve the second mold with the inverse 
pattern. In the third step, a drop of ultraviolet curable adhesive (NOA 83H from 
Norland, USA) is filled into the PDMS mold, and sealed by another flat PMDS 
plate. Note that there would be visible possible air bubbles in the adhesive, and 
they can be removed by a needle under the microscope or just standing for a 
few minutes. Finally, the whole setup is placed under an UV light source and 
the lens element is completely hardened after about 30 minutes. It can be then 
easily separated from the PMDS mold due to the low surface energy of PDMS. 
 
Figure 6.5 Fabrication process of the MEMS rotary actuator. 
 
The MEMS rotary actuator is fabricated by a standard MUMPs (Multi-User 
MEMS Processes) process [95]. As presented in Fig. 6.5, starting with a 
standard SOI chip, the fabrication first realizes the golden pad pattern on top of 
the first silicon layer by a process of liftoff, and then create the active patterns 
on the 25 µm silicon layer by a step of photolithography followed by deep 
reactive ion etching (DRIE). After that, a second DRIE is used to etch 
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completely the substrate silicon layer and a wet oxide etch process is then used 
to remove the oxide layer. In the last step, the protection material is stripped 
using a dry etch process to release the device, resulting in the final designed 
actuator. 
 
Figure 6.6 Fabricated devices. (a) Metal mold from diamond turning, (b) PDMS 
mold with inverse pattern, (c) final lens element and (d) MEMS rotary actuator. 
 
 
Figure 6.7 Assembly procedure of the final DF lens. (a) Lens elements and 
MEMS actuator ready for assembly, (b) MEMS actuator mounted with lens 
element, (c) MEMS actuator bonded with PCB and (d) final assembled DF lens. 
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Figure 6.6 demonstrates the final devices fabricated based on the above-
mentioned process. More specifically, Fig. 6.6(a) shows the metal mold after 
diamond turning. The freeform surfaces of the two elements are created on top 
of the two pre-machined raised pillars. The central pillar is a backup, and not 
used in this fabrication process. Before the diamond turning process, it is 
necessary to do a simple coordinate transformation on the data from ZEMAX 
to flip the surface profile of element 1 in order to allow it face upwards such 
that the two freeform surfaces can be turned on the same mold. Figure 6.6(b) 
presents the PDMS mold with the inverse concave pattern and Fig. 6.6(c) shows 
the final lens elements. The final MEMS rotary actuator from MUMPs process 
is shown in Fig. 6.6(d). 
To assemble the final DF lens, we start with the step of mounting the lens 
element onto the MEMS actuator, as shown in Fig. 6.7(a). With the help of a 
microscope, the lens element is skillfully insert into the central window with the 
two tapers aligned with the two tapered openings, and then a drop of ultraviolet 
adhesive is used to fix the lens element. Figure 6.7(b) presents the mounted lens 
element. After that, we use a wire bonder to connect the electrical pads on the 
actuator with two tiny PCBs for driving, as shown in Fig. 6.7(c). Lastly, the two 
SOI chips integrated with lens elements are stacked together under a microscope, 
with the freeform surfaces facing each other, leading to the final DF lens, as 
shown in Fig. 6.7(d). Note that the lens performance is sensitive to the alignment 
errors, and hence the images formed by the lens are monitored by a camera as a 
feedback during the assembly. Motorized stages integrated with customized 
supporting mechanisms would help to improve the alignment precision further.  
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6.4. Characterization of the dual-focus lens 
We first characterize the performance of the MEMS rotary actuator. As shown 
in Fig. 6.8(a), the actuator is bonded with an external PCB chip, and then placed 
under a microscope. One of the vertical beam which is designed along the radial 
direction is monitored by the CCD to reflect the rotation angle of the central 
window, as presented in the magnified insets. Figure 6.8(b) reveals that the 
rotation angles have a cubic relationship with the input DC voltages. In addition, 
the maximum rotation angle reaches about 8.2º when the input DC voltage is 
increased to 6.5 V. Note that this maximum rotation angle meets the 
requirement in the optical design. 
Next, we test the performance of the designed tunable DF lens. Figure 6.9(a) 
illustrates the optical setup for determining the focal lengths of the DF lens. 
Specifically, the center of the tunable DF lens is hit by one collimated laser 
beam, and followed by a 50 µm pinhole, which is moveable along the optical 
axis. One power meter is used to receive the diffracted light from the pinhole, 
and connected with a digital oscilloscope for real time monitoring. To drive the 
MEMS rotary actuator, a DC power supply is connected with the PCBs to 
provide the driving voltages. Due to the special filtering effect of the pinhole, 
the maximum light intensity only occurs when the pinhole is placed at the focal 
point of the lens. Hence, the back focal lengths of the DF lens are determined 
by the distance from the last surface of the lens to the position of the pinhole 
where we can trace the maximum intensity from the oscilloscope.  
 




Figure 6.8 Characterization of the MEMS rotary actuator. (a) MEMS actuator 
bonded with PCB chip, (b) relation between the input DC voltages and output 
rotation angles from the actuator. 
 
Figure 6.9(b) shows the relations between the two back focal lengths and the 
input DC voltages. It reveals that the initial focal length of the DF lens is about 
30 mm, and then it is split into two foci when any input DC voltages are applied. 
When the input DC voltage is set at 6.5 V, one of the focal length is tuned from 
30 mm to 20 mm while the other one is tuned to 60 mm. Figure 6.9(c) and (d) 
demonstrate the images formed by the lens with a driving voltage of about 2 V. 
The DF lens is placed on top of a target, and monitored by the microscope. By 
adjusting the distance between the objective lens of the microscope and the DF 
lens, the images of the target can be focused clearly, as shown in the figure. It 
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is apparent that the right and left sides of the target are focused separately due 
to the DF effect. 
 
Figure 6.9 Characterization of the tunable DF lens. (a) Optical setup to 
determine the back focal lengths, (b) relation between the input DC voltages 
and back focal lengths, (c) and (d) images formed by the DF lens. 
 
6.5. Summary 
In summary, a compact electrically-driven tunable DF lens is developed in this 
chapter. Both the mechanical and optical designs, as well as the device 
fabrication, assembly and characterization are covered. The results show that 
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the designed solid tunable DF lens offers a large tunable range (one focal length 
from about 30 mm to 60 mm, and the other one from 30 mm to 20 mm) together 
with a compact structure and promising optical performance.  
It would be useful in various optical systems. For instance, in laser-cutting 
systems, the focus as well as the depth of the laser energy distribution can be 
both adjusted according to the surface profile and thickness of the sample thanks 
to the tunable dual foci offered by such a lens, and hence help to improve the 
finish on the surface and meanwhile reduce the fabrication time and cost. 
Similarly, in microscopy systems, the resolution and depth of focus can be both 
variable according to different targets, which is beneficial for the viewers to 






Chapter 7. Applications of Solid Tunable Lenses in 
Ultra-Miniature Imaging Systems 
We have established the optical model of the solid tunable lenses, and 
subsequently developed various optical devices based on these proposed 
method. In this chapter, two application examples of these devices are presented 
in detail. One of them is a miniature adjustable-focus endoscope, and another 
one is a miniature adjustable-focus camera module. The optical and mechanical 
design, device fabrication and assembly, and final characterization are all 
covered in this chapter. 
7.1. Development of miniature adjustable-focus endoscope 
Endoscopes, which are widely used in modern medical applications for 
virtualizing tissues inside human bodies, are experiencing a rapid evolution due 
to recent developments in micro-fabrication and signal processing techniques 
[156]. In particular, miniature flexible endoscopic platforms capable of 
accessing organs that are too small or too far away for traditional rigid 
endoscopes have drawn much attention. Examples include fiber-optics-based 
endoscopes [157] and capsule endoscopes [158]. Meanwhile, novel endoscopic 
imaging techniques that can provide additional information of the target besides 
the traditional white-light images are also being developed to facilitate early 
detection and diagnosis of tissue pathological changes. These new imaging 
techniques include high magnification endoscopy [159], fluorescence 
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endoscopy[160], and narrow band imaging [161]. Based on these techniques, 
more comprehensive information of the target becomes available.  
In addition, to alleviate patients’ discomfort, research and development are also 
underway to equip the endoscopes with adjustable-focus or zooming 
functionalities to minimize manual movement of the device during operation. 
Currently, to the best knowledge of the authors, there are three lens-based 
approaches to achieve adjustable-focus/zoom endoscopes. The first is based on 
conventional rod lenses driven by direct linear actuators [162]. Optical powers 
of the lens group are tuned by moving the lens along the optical axis. However, 
due to the inevitable support mechanisms and actuators, this kind of adjustable-
focus/zoom endoscopes is relatively bulky. The second kind of adjustable-
focus/zoom endoscopes is based on liquid tunable lenses [163, 164] while the 
third approach is based on liquid crystal tunable lenses [165, 166], as discussed 
in Chapter 2. There is another concept of endoscopic systems, named as lensless 
endoscopes, where one can exert control over the spatial phase of the light 
emitted by a multi-mode or multi-core fiber and hence also achieve adjustable 
focus, all without any element on the tip of the endoscope fiber [167-170]. Such 
a kind of endoscope requires phase modulators to realize the expected phase 
distribution hence increase the cost of the endoscopic system. 
In this section, we report a novel adjustable-focus endoscope based on a 
miniature solid tunable lens, designed according to the improved Alvarez 
principle. Two such freeform elements driven by two slender piezoelectric 
benders are utilized to realize adjustable focus length, and an image fibre bundle 
is employed to transmit the images to an external camera. Compared with 
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previously-reported approaches, such an endoscope demonstrates several 
advances, including compact structure, absence of liquids, superior imaging 
performance and low cost.  
7.1.1. Optical design of the adjustable-focus endoscope 
As illustrated in Fig. 7.1, the proposed endoscope consists of three key parts. 
The first part is the optics, made of a pair of freeform elements integrated with 
two SOI chips and a mechanical square plate, as shown in the lower right inset. 
The freeform elements are designed based on the improved Alvarez principle, 
which realizes optical power tuning by slightly shifting the two elements 
relative to each other in a transverse direction relative to the optical axis. The 
plate has mechanical alignment reference surfaces to precisely align the 
freeform elements, and the small circular aperture on it cuts down any incident 
stray light. The second part is the driving mechanism, which comprises spring 
suspensions on the chips supporting the freeform elements and two slender 
piezoelectric benders that provide the lateral displacements needed for focal 
length adjustment. As shown in the top left inset, the tip of the piezoelectric 
bender moves in an arc which is effectively a linear motion along the transverse 
direction relative to the optical axis if the bender is sufficiently long.  
The freeform lens elements are mounted on two silicon spring suspensions 
integrated on the SOI chips separately, which allow the elements to move freely 
in the transverse direction, as indicated by the double-headed arrows in the inset. 
The third part of the proposed endoscope is an image fiber bundle, which is 
employed to transmit the images to external cameras. As presented in the figure, 
a T-shaped mechanical fixture is created to support the piezoelectric benders 
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and image fiber bundle. Finally, the whole configuration can be placed into a 
plastic tube for sealing. Furthermore, a circle of illumination fibers can be 
arranged closely around the internal wall of the tube to illuminate the target. 
 
Figure 7.1 Schematic of the proposed endoscope. The two insets demonstrate 
the deflection of the piezoelectric bender and the zoomed-in view of the solid 
tunable lens configuration, respectively. 
 
 
Figure 7.2 Schematic of the tunable lens designed according to the Alvarez 
principle. Two elements are arranged (a) without lateral displacements, and (b) 
with lateral displacements. 
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As discussed in the previous chapters, the basic principle of the tunable lens is 
illustrated schematically in Fig. 7.2. In this section, in order to achieve optimal 
lens performance, we adopt a more general type of polynomials as given in Eq. 
(7.1), rather than the conventional Alvarez cubic expression shown in Eq. (3.1), 
to describe the lens surface. Moreover, we further notice during the optimization 
study that the surface profiles as well as the thicknesses of the two elements are 













where x and y are coordinates describing the freeform surfaces, N is the total 
number of polynomial terms in the series, and Ai is the coefficient of the ith 
extended polynomial term Ei(x,y). The polynomials are a power series of x and 
y, which is arranged in the order from the 1st degree terms x and y, followed by 
the 2nd degree terms x2, xy, y2, and so on.  
To obtain the optimal lens performance, we utilize two different 6-order 
polynomials to govern the two freeform surfaces separately and establish the 
optical model in ZEMAX for optimization. The lens material we use is a typical 
type of UV (ultraviolet) curable adhesive (NOA 83H from Norland Products) 
with a refractive index of 1.56 in the visible spectrum. Constrained by the 
fabrication process and limited availability of materials, only monochromatic 
aberrations are considered and corrected in our design. Based on our previous 
experience, the thickness of the lens elements is kept in a range from 0.3 mm to 
0.8 mm for high transmission and ease of assembly. The aperture diameter is 
set at 1.2 mm to match the effective area of the freeform surfaces. To drive the 
lens elements laterally, we utilize two piezoelectric benders, of which the 
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maximum deflection (at the tips) is reasonably expected to be about 400 μm. 
The image fibre bundle we employ is a commercial model from Fujikura, which 
has 100,000 pixels and a diameter of about 1.5 mm. With the designed tunable 
lens, we expect to achieve a focal length tuning range of a few millimetres 
centred at about 6 mm, which is suitable for most endoscopic systems. The 
design constraints and goals are summarized in Table 7.1 
Table 7.1 Design constraints and goals for the optical part 
Constraints 
Lens material  NOA 83H 
Element thickness (mm)  0.3~0.8 
Highest degree of the polynomial terms  6 
Aperture diameter (mm)  1.2 
Actuator maximum displacement (mm)  0.4 
Goals 
Central focal length (mm)  ≈ 6 
Focal length tuning range (mm)  5.5~7.5 
F number  ≈ 4.6~6.3 
Adjustable focus range (mm)  ≈ 0~100 
 
Table 7.2 Coefficient values of the surface profile after optimization 
 Surface 1 Surface 2  Surface 1 Surface 2  Surface 1 Surface 2 
x -1.149e-1 -2.169e-1 x3y -4.145e-5 -2.748e-5 x6 -2.399e-5 5.477e-5 
y -1.793e-4 1.356e-3 x2y2 1.623e-3 -2.236e-3 x5y 1.533e-6 -6.799e-6 
x2 1.171e-2 1.791e-2 xy3 -3.232e-5 1.173e-4 x4y2 -2.012e-4 2.969e-4 
xy -2.370e-4 -1.551e-4 y4 1.488e-2 1.625e-2 x3y3 2.933e-5 1.258e-5 
y2 9.070e-3 1.274e-2 x5 -6.820e-5 -7.520e-5 x2y4 -6.128e-4 -1.878e-3 
x3 2.100e-2 2.100e-2 x4y -5.363e-6 3.126e-5 xy5 2.359e-4 1.898e-4 
x2y -6.385e-5 -4.248e-5 x3y2 -2.174e-4 -1.338e-4 y6 -4.052e-3 -5.013e-3 
xy2 6.300e-2 6.300e-2 x2y3 6.602e-5 -8.094e-5 T a 0.65 mm 
y3 4.500e-4 5.259e-4 xy4 -2.512e-3 4.192e-3 G b 0.35 mm 
x4 1.995e-4 -6.124e-4 y5 -6.998e-5 -6.631e-4 n c 1.56 
 
The optimization process is performed in ZEMAX and starts with the 
conventional Alvarez cubic expression, where the coefficients of x3, xy2 and x 
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are initially determined according to the required optical power tuning range 
and maximum displacement of the actuators. The axial and off-axial 
performances are optimized in sequence by gradually increasing the number of 
terms in the two polynomials set as variables. Table 2 lists the coefficient values 
of Eq. (7.1) obtained after the optimization exercise.  
 
Figure 7.3 Imaging simulation results of the tunable lens. (a) f = 7.5 mm; (b) f 
= 6.5 mm; and (c) f = 5.5 mm. f is the equivalent focal lengths of the tunable 
lens. The zoom effect among these three images is not from ZEMAX but from 
manual adjustment to make the results clearer. 
 
Accordingly, the optical performance of the designed tunable lens is 
summarized in Table 7.3. The simulated imaging results using a standard USAF 
target at various focal lengths are also provided in Fig. 7.3. More specifically, 
in our design, the equivalent focal length of the lens can be tuned from 7.5 mm 
(133 diopters) to 5.5 mm (182 diopters) with both elements shifted from 1 mm 
to 1.4 mm along the x and –x directions respectively. Consequently, it can be 
easily derived from the thin lens equation that the focus range starts roughly 
from 20 mm to 120 mm if the image fiber bundle is placed 8 mm away from the 
lens. With a FOV (field of view) of 10°, the simulated imaging resolution of the 
lens reaches 170~230 cycles per mm within the whole tuning range when the 
normalized MTF amplitude falls to 0.2 at 0.7× FOV. This means a resolution of 
about 5 µm is achievable with this lens, which is high enough for most 
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commercial image sensors. However, for the emerging high-definition (HD) 
image sensors applied in endoscopic systems, the resolution of the lens may 
need to be around 2 µm or even finer. Reducing the f-number values can help 
to improve the resolution of the lens. Moreover, the NRSRs are controlled to be 
below 1 while the SRs (Strehl ratio) are maintained at values greater than 0.9 
within the whole tuning range, which indicates that the designed lens behaves 
as a near-diffraction-limited device.  













1~1.4 5.5~7.5 4.6~6.3 230~170 cycles/mm 0.37~0.65 0.97~0.92 
@0.7FOV represents the values at 0.7× field of view. 
 
Figure 7.3 further reveals the performance of the tunable lens by presenting its 
imaging simulation results, where we find that there is no obvious distortion or 
blurring. Compared with the conventional Alvarez principle, it can be noted that 
this new method for lens element surface optimization, employing two 
independent 6-degree extended polynomials to describe the two freeform 
surfaces respectively, improves the lens performance significantly 
7.1.2. Device fabrication and assembly 
To fabricate the designed lens elements, we follow the fabrication process 
shown in Fig. 4.12. Figure 7.4 presents the metallic mold, PDMS mold and the 
final lens. One thing should be noted that initial offsets of 1.2 mm and -1.2 mm 
are imposed onto the surface data of the two elements respectively when they 
are fabricated by diamond turning, giving rise to an initial focal length of about 
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6.3 mm when the sides of the two lens elements are perfectly aligned before any 
additional lateral displacement is applied. Thus, if a displacement range of 0.2 
mm is provided by the piezoelectric benders, it offers an overall lateral 
displacement variation from 1 mm to 1.4 mm for the two lens elements, 
resulting in a focal length tuning from 5.5 mm to 7.5 mm as listed in Table 7.3. 
 
Figure 7.4 Process of lens element fabrication. (a) Metallic mold from 
diamonding turning technique; (b) PDMS mold from first replication; and (c) 
lens element from second replication. 
 
 
Figure 7.5 Device pictures. (a) Suspended window and folded beams fabricated 
by SOI MUMPs; (b) mechanical parts from precision machining; and (c) 
piezoelectric bender with home-made connector tip and image fibre bundle. 
 
As mentioned earlier, a square platform with an open window supported by 
folded beams is designed to mount the lens element (Fig. 7.5(a)). It is fabricated 
using a standard 25 µm SOI MUMPs process [171]. The folded-beam 
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suspensions are optimized to guide the element movement along the desired 
direction. Moreover, a “driving slot” (0.2 mm×1 mm) is provided to connect the 
tip of the piezoelectric bender for actuation. Three mechanical parts are 
fabricated using precision machining techniques for the endoscope probe 
assembly, as presented in Fig. 7.5(b). More specifically, a square plate (5 mm×5 
mm) with a hole (diameter: 1.2 mm) at the center and slightly raised ridges at 
two perpendicular sides is used to fix the two SIO chips with lens elements, as 
indicated in the enlarged inset. The hole acts as the physical aperture for the 
endoscope optics. To fix the piezoelectric benders and image fiber bundle, a T-
shaped support with a through-hole of diameter 1.5 mm is fabricated, as shown 
in the figure. The square plate and T-shaped support are secured onto a thin 
base-slab (cross-sectional dimensions: 1 mm×3 mm) to construct the endoscope 
probe. To facilitate the alignment, a 1 mm×3 mm slot is created at the bottom 
of both the T-shaped support and the square plate. Figure 7.5(c) shows the 
piezoelectric bender and the image fiber bundle. A connector having a sharp tip 
of cross-sectional size 0.18 mm×0.5 mm is fabricated and attached at the end of 
the bender in order to match the reserved driving slot in the SOI chip. 
 
Figure 7.6 Device pictures. (a) Suspended free-form lens element integrated 
with the SOI chip; (b) top of the endoscope integrated with the tunable lens 
having two stacked SOI chips; and (c) endoscope with piezoelectric bender 
assembled and (d) final endoscope with fibre bundle inserted. 
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To assemble the device, the lens element is first carefully inserted into the open 
window in the SOI chip and fixed by a tiny droplet of UV adhesive along the 
edges, as shown in Fig. 7.6(a). After mounting the lens elements, the two SOI 
chips are stacked together with the freeform surfaces facing each other. The side 
edges of the two chips are accurately aligned with the help of two perpendicular 
reference planes under a microscope. Subsequently, the chips are fixed onto the 
square plate with two of the side edges tightly contacting the ridges on the plate, 
as shown in Fig. 7.6(b). Due to the high fabrication accuracy (normally less than 
2 µm) of SOI micromachining, such an assembly process of the lens elements 
provides a good alignment accuracy, which is essential for high optical 
performance.  
Two 3-axis manual stages are utilized to assist the assembly of the piezoelectric 
benders. In this process, the T-shaped support and the square plate integrated 
with the tunable lens are first secured on the base-slab. Next, this whole 
configuration is temporarily mounted vertically on one of the 3-axis stages 
whilst the piezoelectric bender with the home-made connector attached is held 
with the other. A microscope with a camera is employed to monitor the position 
and height of the bender tip. After the bender tip is properly positioned at the 
center of the driving slot, both ends of the bender are fixed by adhesives, as 
shown in Fig. 7.6(c). The second piezoelectric bender is fixed using the same 
procedure. Lastly, the image fiber bundle is inserted into the hole in the T-
shaped support, and fixed by adhesives after adjusting its end-surface distance 
to the lens to about 8 mm, as shown in Fig. 7.6(d). For the experimental tests, 
the illumination fibers in the probe mentioned previously are not installed, 
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instead, a white light lamp is used to illuminate the target during the tests. The 
illumination over the whole FOV is not uniform.  
Clearly, the cross-sectional dimensions of the final assembled endoscope probe 
are mostly determined by the size of the SOI chips, which are around 5 mm×5 
mm in this case. Undoubtedly, the diameter of the lens (or the probe size) is 
determined by the expected f-number and lateral displacements of the lens 
element required to achieve the designed optical power tuning range. It has been 
pointed out that lateral displacements of a few hundreds of microns are large 
enough for most applications. Hence, further reduction of the endoscope probe 
size to 3 mm or lower is highly possible through smaller SOI chip design and 
utilization of customized piezoelectric benders with smaller dimensions. 
Compared with the reported results, this novel configuration demonstrates great 
potential in advancing the miniaturization of the probe size over the 
conventional rod-lenses-based endoscopes. 
7.1.3. Device testing and system characterization 
In the experiment, we first characterize the displacement-voltage relationships 
of the two piezoelectric benders under an optical microscope. Those 
piezoelectric benders are selected from a commercially available model (Q220-
A4-103YB) from Piezoelectric System, Inc. The experimental results of a 
typical piezoelectric bender are shown in Fig. 7.7(a). It is observed that a 
maximum deflection of about ±225 µm is obtained with a driving DC voltage 
of ±90V. The recorded displacement-voltage relationship is approximately 
linear with slight hysteresis. It is noted that the benders are currently working 
in open-loop mode and a closed-loop operation may further enhance their 
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performance and minimize the hysteresis. It is seen that the output 
displacements of the two piezoelectric benders are slightly different from each 
other when subjected to the same driving voltages. The maximum difference 
recorded is about 15 µm at the highest driving voltage, which has minimal 
impact on the optical performance of the tunable lens. Furthermore, the natural 
frequency of the piezoelectric bender attached with the home-made connector 
is experimentally determined to be around 18 Hz. To adjust the optical power 
of the assembled tunable lens, two independent driving voltages are applied to 
the piezoelectric benders respectively and then calibrated for identical lateral 
displacements. With positive driving voltages applied to both piezoelectric 
benders, they bend backwards from each other, leading to decreased overall 
lateral displacements for the lens elements and thus reduced optical powers. 
Conversely, with negative driving voltages applied, the piezoelectric benders 
bend towards each other, resulting in increased overall lateral displacements and 
thus enlarged optical power. 
Next, we test the tuning performance of the variable lens. Its optical power is 
calculated from the equation: f = DM/(M-1), where D is the known object 
distance and M is the optical magnification of the lens obtained by precisely 
measuring the image size of a test subject of a known size [95]. As shown in 
Fig. 7(b), the optical power of the lens can be tuned from about 205 dioptres (f 
= 4.9 mm) to about 135 dioptres (f = 7.4 mm) with a driving DC voltage varying 
from -90V to +90V to move the two lens elements synchronously transverse to 
the optical axis. Due to the hysteresis, it can be noticed that the optical power 
tuning curves deviate slightly from each other when the driving voltages are 
gradually increased or decreased. A closed-loop operation would be useful to 
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minimize the deviation between these two curves. It can be noted that a 
maximum optical power of 205 dioptres is experimentally achieved, which is 
much greater than those of most liquid or liquid crystal based tunable lenses 
which are restricted by the available materials or deformation ranges. 
Furthermore, the optical power tuning range of about 70 dioptres is also much 
larger than most of the reported experimental results from liquid- or liquid 
crystal-based endoscopes. 
 
Figure 7.7 (a) Output displacements of one piezoelectric benders with various 








Figure 7.8 MTF curve of the tunable lens when there is no driving DC voltage. 
 
We also measure the MTF curves of the tunable lens to evaluate its optical 
resolving power. The MTF values are calculated based on the images formed 
by the lens of the USAF 1951 resolution target. The approach that we utilize to 
calculate the MTF values is explained in detail in references [172, 173]. As 
shown in Fig. 7.8, the experimentally recorded resolution of such a tunable lens 
is found to be about 30 line pairs per mm (lp/mm) when the normalized MTF 
amplitude falls to 10%, which can also be observed from the image indicated in 
the inset. To make the figure clear and concise, only one MTF result is presented 
here, where there is no driving voltage applied to the benders. For increased or 
decreased driving DC voltages, the MTF curves vary slightly, but the maximum 
optical resolution is maintained at around 30 lp/mm throughout the whole 
tuning range. It is noted that the experimental result is much lower than the 
simulated one as indicated in Table 7.3. The reasons include the non-uniform 
illumination, scattering of the lens elements and assembly as well as calculation 
errors. It should be pointed out that the images used to calculate the MTF values 
are formed directly by the lens and have not been transmitted by the fibre bundle. 
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Due to the pixilation effect caused by the fibre bundle, the final optical resolving 
power of the probe will be slightly reduced. 
The dynamic response speed of the tunable lens is also tested. As shown in Fig. 
7.9(a), a collimated 632 nm laser beam is focused by the tunable lens onto a 50 
µm pinhole placed at the initial focal plane of the lens. A power meter is used 
to monitor the total energy of the laser beam passing through the pinhole, and a 
function generator is employed to provide a periodical square wave with a 
period of 1 s and peak-to-peak amplitude of 10 V to drive the piezoelectric 
benders to move the lens elements thus tuning the focal length. In addition, a 
digital oscilloscope is used to monitor the real-time driving voltage and the 
output signal from the optical power meter. Obviously, when the focal length 
of the lens is altered, the energy collected by the meter power is decreased 
considerably. The recorded results are presented in Fig. 7.9(b). We can observe 
that it takes about 0.11 s for the tunable lens to follow up the driving voltage 
change completely. There are several feasible ways to increase the response 
speed of the tunable lens, including reducing the mass of the attached connector 
and increasing the stiffness of the piezoelectric benders or the supporting folded 
beams. 
We finally evaluate the performance of the assembled endoscope probe. For this 
test, the endoscope probe together with the test targets are all placed vertically 
under an optical microscope, as shown in Fig. 7.10(a). The images formed by 
the tunable lens are transmitted through the image fiber bundle insert into the 
probe with the output end of the fiber bundle clearly focused by the optical 
microscope. A high-resolution CCD camera is connected to the microscope to 
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capture the images of the output surface of the fiber bundle. To test the 
adjustable-focus capability of the endoscope probe, three targets are placed 
under the endoscope probe at different object distances, i.e., roughly at 20 mm, 
50 mm and 150 mm, respectively.  
 
Figure 7.9 (a) Schematic of the optical setup for testing the response time of the 
tunable lens; (b) Driving signal and output voltage from optical power meter. 
 
As shown in Fig. 7.10(b), with the driving voltages of -35 V and -37 V applied 
to the two piezoelectric benders respectively, the nearest object located at about 
20 mm away is focused clearly. As shown in Figs. 7.10(c) and (d), the other two 
objects placed at about 50 mm and 150 mm away can also be focused 
individually when different values of driving voltages are applied to the 
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piezoelectric bender pair. We find that the quality of images is satisfactory 
taking into consideration the slight damage to a small portion of the fibre bundle 
during the assembly process and the presence of some dust particles on the 
output surface of the fibre bundle. Compared with reported experimental results 
of liquid- or liquid crystal lens- based endoscopes, there is no obvious 
distortions or blurring in the captured images. Clearly, this demonstrates the 
adjustable-focus functionality of the endoscope without having to physically 
move the probe around and thus has good potential in healthcare applications. 
 
Figure 7.10 Adjustable focus of the endoscope. (a) Optical setup for the 
endoscope testing; (b) The driving voltages are set at -35 V and -37 V 
respectively and the target is placed at an object distance of about 20 mm is 
focused; (c) The driving voltages are set at 61 V and 62 V respectively, and the 
target is placed at an object distance of about 50 mm is focused; (d) The driving 
voltages are set at 85 V and 86 V respectively and the target is placed at an 
object distance of about 150 mm is focused. 
 
 




We described and demonstrated an adjustable-focus endoscope consisting of a 
solid tunable lens for optical power tuning, two piezoelectric benders for lens 
elements actuation, and an image fibre bundle for image transmission. Results 
show that using a 6-degree extended polynomial expression rather than the 
conventional Alvarez principle for freeform surface description can improve the 
lens performance significantly. Driven by the piezoelectric benders, the 
designed tunable lens provides an optical power tuning range from about 135 
dioptres (f =7.4 mm) to about 205 dioptres (f = 4.9 mm), which is much larger 
than those reported for other comparable types of adjustable-focus endoscopes. 
Satisfactory image quality within the whole tuning range is obtained. Compared 
with reported ones produced by liquid- or liquid crystal lens- based adjustable-
focus endoscopes, the captured images are generally clearer and sharper. The 
cross sectional dimensions of the whole probe is controlled to be around 5 
mm×5 mm in this design owing to the good match of the piezoelectric actuation 
mechanism with the Alvarez tunable lens principle. The size of the endoscope 
probe can be further reduced using customized piezoelectric benders and SOI 
chips. The adjustable-focus capability of the endoscope is verified by focusing 
targets at different object distances. Compared with adjustable-focus 
endoscopes involving other types of tunable lenses, such a configuration offers 
several advantages, including mechanical robustness, stability against external 
environment, superior image quality, and compact size. It may be useful in 
future medical and industrial applications. 
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7.2. Development of miniature adjustable-focus camera module 
Due to their advances in optical autofocusing/zooming, miniature adjustable-
focus camera modules have drawn much attention recently due to the increasing 
demand from various portable electric devices, including mobile phones, tablets, 
and medical imaging systems [78, 174-178]. It is obvious that conventional 
movable-lens-based zoom systems are not suitable for these applications due to 
their complicated driving mechanisms and bulky bodies. Most recent efforts are 
spent on liquid tunable lenses which are expected to be integrated into the 
miniature camera modules. However, as discussed in Chapter 2, the liquid-
involved optical system faces a few practical challenges, including the possible 
evaporation and leakage issues, and performance instability in operation. Solid 
tunable lenses obviously provide us an outstanding choice to replace the liquid 
ones in such cameras. Hence, we report for the first time an adjustable-focus 
camera module integrated with solid tunable lenses driven by MEMS-thermal 
actuators. Thanks to the compact structures of the MEMS actuators and the 
optical-power-variation capability of the solid tunable lens, such a camera 
module shows a great potential in various applications. 
In this section, we present the development of a miniature adjustable-focus 
camera module, including the camera design, actuator optimization, assembly 
and device characterization. 
7.2.1. Camera module design 
Figure 7.11 presents the schematic of the proposed miniature adjustable-focus 
camera module, which consists of a solid tunable lens driven by two MEMS 
thermal actuators, necessary supporting and housing structures, and one CMOS 
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image sensor. The two lens elements are mounted on the silicon chips and 
aligned precisely with the freeform surfaces facing each other. A lens holder is 
designed to hold the lens on top of the image sensor. A groove is created on the 
holder to provide a reference side wall in the assembly process. Hence, the 
position of the solid tunable lens is able to be arranged in order to project the 
images to the centre of the sensor. The distance between the lens holder and the 
image sensor is the image distance of the system, which is determined by the 
focal length tuning range of the solid tunable lens and the expected adjustable-
focus of the camera module. 
 
Figure 7.11 Schematic of the adjustable-focus miniature camera module. 
 
We have discussed in detail the optical design of the solid tunable lens in section 
7.1.1. In this camera module, we still follow the same lens surface, but the initial 
offset between the two lens elements is changed from 1.2 mm to 0.8 mm in 
order to meet the requirement of the focal length tuning range from the camera 
module. More specifically, it is clearly shown that the focal length of the 
configuration is infinity if there is no relative lateral displacement between the 
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two lens elements. However, for an autofocusing miniature camera, the required 
focal length is normally a few millimetres, which requires a quite large lateral 
displacement. Hence, an initial centre-to-centre offset of 0.8 mm is imposed 
onto the two lens elements in order to pull back the starting point of the focal 
length to a limited value and hence alleviate the challenge of the actuator design 
for the required displacement.  
The final results show that the optimized solid tunable lens performs near a 
diffraction-limited device within the whole tuning range, which is from about 9 
mm to 7 mm with the lens element shift from the lateral position 0.8 mm to 0.9 
mm. Hence, the maximum displacement of the designed MEMS thermal 
actuator should be larger than 0.1 mm in order to meet the requirement of the 
designed solid tunable lens. 
 
Figure 7.12 Schematic of the lens element driving system. Only the suspended 
moveable parts are drawn in this figure. 
 
The simplified schematics of the solid tunable lens driven system are shown in 
Fig. 7.12. It can be divided into four constituent subsystems in the figure 
labelled as the “Lens element', “Silicon frame”, “Displacement amplifier”, and 
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“Thermal actuator”. To drive the lens elements to move with the required lateral 
displacement, the actuator is designed to be a regular chevron-type thermal 
actuator mechanically coupled to a 6-beam displacement-amplification 
compliant structure. 
When applying a voltage on anchors of the thermal actuator, a current passes 
through the beams, resulting in a thermal expansion of silicon beams due to the 
heat generating. Consequently, the constrained beams are subject to both 
compression and lateral bending moment, leading to a lateral displacement 
output. Simultaneously, the compliant structure receives the input force and 
moment, storing the strain energy by undergoing deformation, and releasing the 
force and displacement at its free ends. A square silicon frame connected to the 
compliant structure is used as a platform for the lens element mounting, through 
which the motion of the thermal actuator is transferred to the lens element. 
 
Figure 7.13 Illustration of the design of the thermal actuator coupled with the 
6-beam displacement amplifier. 
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Figure 7.13 illustrates the design of the driving mechanism for the solid tunable 
lens. As shown in the Fig. 7.13(a), the compliant configuration for displacement 
amplification consists of six uniform-thickness beams with specific angles and 
lengths arranged in a plane-symmetric structure, which helps to assure the 
output motion stability along the x axis [179]. The lower ends of beams 'a' and 
'f' are fixed to the substrate while the lower ends of beams 'b' and 'e' are 
connected to the thermal actuator at the free moving input point “P1”. The joint 
point “P2” of beams 'c' and ‘d’ is the motion output point.  As shown in the 
figure, the other ends of the beam groups of 'a-b-c' and 'f-e-d' are connected 
together at free moving points of “P3”and “P4”. Due to the proper design of the 
relative angles and lengths between these beams, the input displacement at point 
“P1” will be amplified at the output port “P2”. 
To drive the 6-beam displacement amplifier, we use a chevron-type thermal 
actuator design in this application [180-182]. As shown in the Fig. 7.13(b), the 
thermal actuator consists of a few V-shaped tilt beams with the ends anchored 
at the substrate. Once a voltage is applied to the two anchors, a current is 
generated in the beams, which causes the heat expansion and hence leads to a 
displacement output at the central point.  
The driving mechanism is then optimized using a multi-physics modelling 
process to obtain the maximum output displacement while maintaining a proper 
mechanical strength. The finalized dimension of the driving system is 
summarized in Table 7.4. Note that all the active structures are created on the 
top layer of a standard SOI chip, the thickness of which is 25 μm. Hence, all the 
beams have a uniform thickness of 25 μm. 
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Table 7.4 Dimensions of the thermal actuator and displacement amplifier 
 Parameter Value 
Thermal 
actuator 
Beam length on half-span 1.9 mm 
Beam width 15 μm 
Beam thickness 25 μm 
Beam tilt angle 5° 
Air gap 10 μm 
Number of beams 15 
Displacement 
amplifier 
Length of beams a and f 1.46 mm 
Length of beams b and e 1.75 mm 
Length of beams c and d 1.44 mm 
Angle α 42° 
Angle β 55° 
Angle γ 85° 
Beam width 15 μm 
Beam thickness 25 μm 
 
Figure 7.14 demonstrates the temperature distribution on the driving system 
when the input voltage is set at 5 V and the relation between the output 
displacements at point “P1” and “P2”, and the input voltages. The results show 
that a uniform temperature distribution on the thermal actuator without any local 
super-high temperature point occurs, which could be helpful for achieving a 
large and stable lateral displacement. The highest temperature 480 K appears at 
the centre of the chevron beams. However, the temperature of the lens element 
is found to be roughly 310 K, which is only about 20 K higher than the room 
temperature and hence helps to minimize the thermal effect on lens performance. 
Figure 7.14(b) shows the modelling results related to the output displacement 
of the actuator in a wide voltage range. The displacements of point “P1” and “P2” 
are nearly linearly proportional to the applied voltage. An amplification ratio of 
about 7.5 is achieved. The maximal displacement 175 µm is obtained at point 
“P2” when the input voltage reaches 10 V. 
 




Figure 7.14 (a) Temperature distribution on the device at 5 V input, and (b) 
relation between input voltage and output displacement at point “P1” and “P2”. 
 
7.2.2. Device fabrication and assembly 
The lens element is fabricated by the same process shown in Fig. 4.12. The 
fabricated metallic mold, PDMS mold and final lens element are presented in 
Fig. 7.15 while the MEMS actuator fabricated by a standard MUMPs process 
(as shown in Fig. 6.5) is demonstrated in Fig. 7.16. The three horizontal 
suspended beams in the MEMS actuator (shown in the top of the figure) are 
used to support the active structures in the assembling process against the 
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external contact pressure, and will be removed from the chip after assembly. 
The input point, “P1”, output point “P2”, and the joint point “P3” are show in 
detail by the SEM micrographs in Fig. 7.16(b)~(d). 
 




Figure 7.16 (a) Photograph of the MEMS actuator, (b)~(d) the SEM 
micrographs of the structures marked in red circles. 
  
To achieve the final camera module, we first insert the lens element into the 
platform in the MEMS thermal actuator, as shown in Fig. 7.17(a). The side walls 
of the lens elements are made to tightly contact the boundaries of the square 
platform to ensure the alignment precision. A tiny drop of UV adhesive is used 
 
Applications of Solid Tunable Lenses in Ultra-Miniature Imaging Systems 
154 
 
to fix the lens element along the edges. After that, the two MEMS chips 
integrated with lens elements are stacked together with the freeform surfaces of 
lens elements facing each other, forming the solid tunable lens. An aluminium 
holder is designed to hold the lens, and meanwhile provide a reference plane for 
the alignment of the two chips, as presented in Fig. 7.17(b). 
 
Figure 7.17 Assembly process of the camera module. (a) MEMS actuator 
integrated with lens element, (b) stacked MEMS chips with two lens elements, 
and (c) final camera module. 
 
The side edges of the two chips are forced to tightly contact the vertical wall of 
the raised block on the holder, as shown in the figure. A double-side PCB is 
glued beside the MEMS chips for electric connections. The pad on the chips are 
then connected to the PCB by wire bonding. Epoxy glue is applied to 
encapsulate the exposed golden wires. Lastly, the holder with the solid tunable 
lens is placed on top of the image sensor with the necessary supporting and 
housing components, forming the final camera module, as shown in Fig. 7.17(c). 
The outer diameter of the cylindrical housing stack is about 18 mm while the 
inner one is about 16 mm. The distance between the lens surfaces to the image 
sensor is determined to be 10 mm. The image sensor used in this experiment is 
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a commercially available one, OV5640 from Omni Vision, having 5 mega 
pixels with a pitch size of 1.4 µm × 1.4 µm. 
7.2.3. MEMS actuator testing 
 
Figure 7.18 Consecutive zoom-in pictures focusing on the thermal actuator 
integrated with displacement amplifier with different input voltages. 
 
The performance of the actuator is first characterized in detail. Figure 7.18 that 
consists of consecutive pictures mainly focusing on the displacement amplifier 
clearly shows the motion of the structure responding to different voltages. The 
maximal output displacement 150 μm is produced at a 12 V input voltage with 
a consuming power of 0.72 W. In practical operations, the thermal actuator is 
always driven by a voltage below 10 V for the safety and stability consideration. 
The deflection is quantified by measuring the pixel shift of the moving part 
under an optical microscope. As shown in the pictures, the distance between the 
non-moving reference mark and the moving structure is used to calibrate the 
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moving distance in order to eliminate the effect of the structure drifting. All 
markers are viewed at the highest magnification of the microscope, which offers 
a measurement resolution of 110 nm per pixel when the images are processed 
in the software, Image J [183]. 
 
Figure 7.19 (a) The output displacements of “P1” and the current generated in 
the thermal actuator as a function of the input voltages. (b) Relation between 
the output displacement of the 6-beam amplifier and the input voltages. 
 
Figure 7.19(a) presents the output displacement and the current change of the 
chevron thermal actuator (output of point “P1”) as a function of the driving 
voltage. The results show that the overall displacement ranges from 0 to 22 μm 
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as the voltage increases from 0 to 10 V. It is noted that the current is not linearly 
related to the input voltage. The reason is that the resistivity of silicon is 
positively related to the temperature, and hence increases with the raised voltage 
[184, 185]. However, it is also found that the rate of the displacement increment 
speeds up with the increasing voltage. It is because the displacement caused by 
the thermal expansion is proportional to the device temperature which 
corresponds to the square of the input voltage. 
Figure 7.19(b) presents the output displacement of the 6-beam amplifier. It is 
shown that the deformation of the compliant structure experiences two different 
phases. In the first phase, the structure works in a linear phase with a constant 
displacement magnification, which is defined by the ratio of output 
displacements in Fig. 7.19(b) and Fig. 7.19(b). It is calculated that the 
magnification is 10.5 ± 0.5 when the applied voltage is less than 6.5 V. In the 
second nonlinear phase, the magnification decreases to 6 ± 0.5 when the voltage 
is larger than 6.5V, resulting in a drop of the displacement-increment speed in 
the 6-beam amplifier. The reason could be the buckling effect existing in the 
compliant structure [186]. As shown in Fig. 7.18(d), the long and thin silicon 
beams exhibit a curving trend and a limited displacement with a 12 V input 
voltage due to the possible buckling effect. The slight buckling effect could 
enhance the strength of these beams, and hence help to ensure that the motion 
of the optical element is immune to the external fluctuation. 
The dynamic response speed of the thermal actuator is also tested. As illustrated 
in Fig. 7.20(a), the thermal actuator is first fixed on a 3-axial linear stage, and 
then a high-sensitivity force sensor is connected to the output port of the thermal 
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actuator through a vertical thin carbon fibre rod, as shown in the figure. The 
carbon fibre rod helps to convert the in-plane force generated by the actuator 
into a bending moment on the sensor, and hence changes the output signal of 
the sensor. When a voltage is applied onto the actuator, the output port of the 
actuator pushes the top tip of the carbon fibre rod to move along the x-direction, 
which causes an electrical signal change of the force sensor. The output signal 
of the sensor is then collected by a full Wheatstone bridge, which is sampled at 
a rate of 1000 Hz through an analog-to-digital converter (ADC, USB 6341, 
LabVIEW, USA).  
 
Figure 7.20 Schematic of the setup for response time testing. A force sensor is 
utilized to record the transient respond time the MEMS actuator. 
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Figure 7.20(b) shows the micrographs of the measurement setup. Before 
applying a driving voltage, the gap between the movable beams of the actuator 
and the silicon frame is 35 μm while it is changed to 50 μm after applying a 
driving voltage of 8 V to the thermal actuator. 
As shown in Fig. 7.21, the step response describes the transient behaviour of the 
actuator upon an input voltage change from zero to a certain value generated by 
a function generator (Agilent, 33120A, US). The results show that the actuator 
requires approximately 0.09 s to follow the input step signal. 
 
Figure 7.21 Step response of the thermal actuator. 
 
7.2.4. Camera module characterization 
The adjustable-focus capability of the solid tunable lens is then tested. As shown 
in Fig. 7.22, the two lens elements are aligned without any later displacement 
when there is no input voltage, and the whole configuration behaves as a lens 
with the starting focal length determined by the initial offset 0.8 mm. The two 
optical elements are driven by a lateral displacement of 100 μm in x and –x 
direction respectively at a 6 V input voltage. The tunable focal length can be 
achieved by dynamically displacing the elements to different lateral positions. 
 




Figure 7.22 Lateral movement of the lens element. 
 
An optical system is set up to measure the focal length of the solid tunable lens, 
as shown in the inset of Fig. 5.8(a). The focal length is calculated from the 
equation f=DM/(M-1), where D is the known object distance and M is the optical 
magnification of the images captured by the lens. The focal length tuning result 
is plotted in Fig. 7.23, which shows that a tuning range from f=9.2 mm to f=7.8 
mm is achieved with an input voltage from 0 to 10 V. 
 
Figure 7.23 Relation between the back focal lengths and the input voltages. 
 
After that, we test the imaging performance of the camera module. The setup is 
illustrated in Fig. 7.24(a). A target (USAF 1951 Resolution Test Target) 
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installed at a movable stage is used as the object and images formed by the solid 
tunable lens are captured by the CMOS sensor. The entire camera module is 
fixed vertically on a position stage, and the CMOS sensor is connected to a 
monitor for image capturing. Before starting the test, the target position is 
adjusted to the centre of the lens in order to project the image at the centre of 
the CMOS sensor.  
 
Figure 7.24 (a) Optical setup to test the imaging performance of the camera 
module, and (b)~(d) images captured by the camera when the target is placed at 
different positions. 
 
To test the adjustable-focus capability of the camera module, the target is placed 
at different object distances, 80 mm, 95 mm, and 110 mm, in sequence for the 
camera to capture. The results show that the object can always be clearly 
focused and recorded by the image sensor at different driving voltages without 
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any physical movement of the camera.  Fig. 7.24(b) shows the images captured 
by the camera module when different voltages are applied in order to clearly 
focus the aforementioned target at different positions. It is shown from the 
images that, without aberration compensation, a maximum resolution of about 
25 lines per mm is achieved by the designed camera module. Furthermore, the 
stability and reliability of the camera module is also tested in the lab by a 
relatively long-time testing. The results show that the camera module once 
assembled can perform stably and repeatedly. 
Therefore, the variable-focus capability of the miniature camera module is 
evidently demonstrated. Compared with its counterparts, the liquid lens 
involved cameras, the proposed camera module presents a series of advantages, 
including the compact structure, stable performance, and ease of packaging. 
7.2.5. Summary 
A miniature adjustable-focus camera module based on one solid tunable lens 
driven by two large-displacement MEMS thermal actuators is described and 
demonstrated in this section. The design, micro-fabrication, and experimental 
tests of the thermal actuator are discussed in detail. A multi-physics FEM 
modelling is carried out to investigate the output displacement characteristic, 
and the temperature distribution of the actuator, and hence to optimize its 
performance. Results show that the maximal temperature found on the actuator 
is about 690 K while the maximal measured temperature on the lens is just 30 
K above the room temperature. The maximal displacement of 135 µm is 
achieved from the designed actuator with a 10 V input voltage and a power 0.72 
W. With assistance of this actuator, the solid tunable lens is able to provide a 
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focal length tuning range from about 9.2 mm to 7.9 mm, together with a respond 
speed of about 90 ms. Targets placed at different object distances are clearly 
focused by the assembled miniature camera module with various driving 
voltages, which demonstrates its adjustable focus capability.  
In contrast with liquid-lens-involved cameras, the developed miniature camera 
module trends to be more robust and stable. Additional advantages may include 
ease of packaging, fast response speed and superior imaging performance. For 
the future work, we are working on improving the mechanical design of the 
housing structures and lens performance optimization in order to further 
miniaturize the camera module and meanwhile enhance its performance. 
7.3. Summary of this chapter 
In this chapter, we first present a miniature adjustable-focus endoscope 
integrated with a solid tunable lens driven by slender piezo benders, and then a 
compact adjustable-focus camera module is experimentally demonstrated. The 
optical and mechanical design of these two imaging systems are both covered 
in detail.  
The results show that the extended polynomial is more efficient than the 
conventional cubic equation to govern the freeform surfaces in the optical 
design for optimum lens performance. Integrated with compact actuators, 
including piezo benders and various MEMS actuators, the proposed solid 
tunable lens design can be potentially miniaturized and hence be used in 
different miniature imaging systems. Compared with its counterparts, the 
liquid- or liquid crystal- lenses, such a solid tunable one offers us a series of 
advantages, including the performance stability, ease of handling and packaging, 
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and low cost in mass production. Therefore, such solid tunable lenses would be 
useful in modern miniature imaging system designs
 165 
 
Chapter 8. Conclusions and Future Work 
8.1. Conclusions 
In this thesis, we start with the modelling of the solid tunable lenses based on 
the Alvarez principle. The optimum design method and the alignment tolerance 
of the solid tunable lenses are studied numerically and analytically. It is for the 
first time shown that it is the air volume between the two lens elements rather 
than the element thickness that affects the lens performance dominantly. The 
analytical method for the optimum-lens-surface-coefficient selection is 
proposed and verified numerically. Results show that the lens performance is 
most sensitive to the misalignment in y direction. Among all the tilt errors, tilts 
about z axis lead to the most serious performance degradation. To achieve 
satisfactory lens performance, the misalignment in y direction should be less 
than 10 µm while tilt errors about z axis should never exceed 1°.
To experimentally prove the proposed design method of solid tunable lenses, a 
miniature solid tunable lens driven by a piezo actuator is developed. The lens 
elements are designed based on the aforementioned method and fabricated by a 
single-point diamond turning technology followed by a PMDS replication 
process. One compact piezo actuator is employed to provide the initial 
displacements, which are then amplified by a 4-bar miniature mechanical 
displacement amplifier. The results show that the designed solid tunable lens 
offers a dynamic focal-length tuning range of about 2.3 times (from 28 mm to 
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65 mm). Furthermore, the images formed by the lens show superior quality to 
the ones formed by the conventional miniature Alvarez lenses. 
It is noticed that the maximum optical power and its tuning range are both 
limited in conventional Alvarez lenses due to the limited maximum 
displacements provided by the miniature actuators. To solve this problem, a 
novel multi-element solid tunable lens is proposed and developed. A four-
element solid tunable lens is experimentally demonstrated in comparison with 
a conventional two-element one. The results show that the four-element lens has 
an optical-power tuning range from 50.9 to 94.1 dioptres while the two-element 
one tunes the optical power from 25.3 to 46.4 dioptres with the same actuator. 
Lens imaging performance is also characterized comparatively, indicated by 
images of the 1951 USAF resolution test chart through the lens and MTF 
(Modulation Transfer Function) curves calculated accordingly. The results 
suggest that the proposed multi-element solid tunable lens might offer a 
practical way to achieve large optical power variations with small stroke micro-
actuators, thereby facilitating the miniaturization of such lenses. 
Inspired by the Alvarez principle, we propose a novel miniature solid tunable 
dual-focus lens, which is designed using freeform optical surfaces and driven 
by one micro-electro-mechanical-systems rotary actuator. Such a lens consists 
of two optical elements, each having a flat surface and one freeform surface 
optimized by ray-tracing technology. By changing the relative rotation angle of 
the two lens elements, the lens configuration can form double foci with 
corresponding focal lengths varied simultaneously, resulting in a tunable dual-
focus effect. Results show that one of the focal lengths is tuned from about 30 
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mm to 20 mm, while the other one is varied from about 30 mm to 60 mm, with 
a maximum rotation angle of about 8.2 deg. Such a kind of solid tunable dual-
focus lenses would be useful in various optical systems, including laser cutting 
systems, microscopy systems, and interferometer-based surface profilers. 
To explore the applications of the designed miniature solid tunable lenses, a 
miniature adjustable-focus endoscope and one compact adjustable-focus 
camera module are developed. Such an endoscope consists of a solid tunable 
lens for optical power tuning, two slender piezoelectric benders for laterally 
moving the lens elements perpendicular to the optical axis, and an image fibre 
bundle for image transmission. Dynamic tuning of optical powers from about 
135 dioptres to about 205 dioptres is experimentally achieved from the solid 
tunable lens, which contains two freeform surfaces governed by 6-degree 
polynomials and optimized by ray tracing studies. Results show that there is no 
obvious distortion or blurring in the images obtained, and the recorded 
resolution of the lens reaches about 30 line pairs per mm. Three test targets 
located at various object distances of 20 mm, 50 mm and 150 mm are focused 
individually by the endoscope by applying different driving DC voltages to 
demonstrate its adjustable-focus capability. The adjustable-focus camera 
module consists of a tiny CMOS chip integrated with one solid tunable lens. 
Two MEMS thermal actuators are designed using FEM and fabricated by 
MUMPS process to drive the lens elements. The results show that the thermal 
actuator provides a maximum displacement of about 135 µm with an input 
voltage set at 10 V, which tunes the focal length of the designed lens from about 
9.2 mm to about 7.9 mm. Targets placed with various object distances are 
focused to the image sensor individually by applying different voltages to the 
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thermal actuators, which proves the adjustable-focus capability of the camera. 
Furthermore, the image quality of the lens is found to be satisfactory. 
To conclude, we have addressed all the four aspects of the research gaps existing 
in this field as pointed out in Chapter 2. In this thesis, the optimum design 
method and results of alignment error tolerance analysis will guide the design 
of such solid tunable lenses. The efforts spent on the miniaturization of such 
solid tunable lenses would help to extend their applications into current 
miniature imaging systems. Furthermore, the novel devices developed from the 
variation of the Alvarez principle have proved the possibility of achieving more 
useful adaptive optical devices based on the freeform elements integrated with 
compact actuators. Lastly, the exploration of integrating such solid tunable 
lenses in miniature imaging systems demonstrates their advantages and 
potential in practical applications.  
8.2. Future work 
This thesis covers the design, fabrication and testing methods of the proposed 
solid tunable lenses and demonstrates a few miniature applications of such 
devices. To further push the miniature solid tunable optics into practical 
applications, there are still a few issues to be addressed in future work.  
First of all, a systematic study on the description and evaluation methodologies 
of the freeform optical surfaces will help to improve the performance of these 
devices and meanwhile result in more useful devices. Only extended 
polynomials and Zernike polynomials are used in the designs. It is worthwhile 
to conduct more studies on the surface description methods, which may lead to 
improved lens performance. Furthermore, we do not have an effective and 
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convenient method to test the quality of the freeform surfaces, especially for 
those with large surface gradients, and hence cannot get any information of the 
fabrication errors. It is obvious that we can compensate these fabrication errors 
in the design once we obtain the error information in advance.  
Secondly, challenges still exist when we try to further miniaturize the proposed 
tunable lenses. The comb-drive MEMS actuators can only provide a maximum 
displacement of a few tens of microns, which cannot fully meet the requirement 
of practical applications, especially for zoom system designs.  The thermal 
MEMS actuators may provide a much larger displacement, but the high 
temperature and energy cost are both potential problems. Piezo actuators also 
face the problem of high driving voltages, which may be a potential hazard in 
practical systems, especially for clinical applications. Hence, novel actuation 
mechanisms are highly desirable. Efforts should also be spent on the 
development of compact mechanisms for the alignment of lens elements, which 
will definitely help to speed up the assembly process and meanwhile minimize 
the alignment errors.  
Lastly, limited by the available lens materials, only monochromatic aberrations 
are considered in this thesis. When the imaging system becomes relatively 
complex with a few tunable lenses, the chromatic aberrations will be a problem. 
We may need to study more lens materials, which are suitable for lens 
fabrication and with different abbe numbers. Efforts are also desirable to 
explore the applications of such solid tunable optics in more miniature imaging 
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